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Magnetic Properties of Zagami and Nakhla. 

D.P. Agerkvist, L. Vistisen, M.B. Madsen and J.M. Knudsen Niels Bohr Institute for 
Astronomy, Physics and Geophysics, Blegdamsvej 17, DK-2I00 Copenhagen 0, Denmark. 

Both Zagami and Nakhla contain a small amount of a ffernmagnetic mineral, 

titanomagnetite. Does the magnetic phase in the Martian dust also contain 
titanium? 

Introduction: In coming missions to Mars (US Pathfinder 1996, Russian Rover 1996) 

efforts will be made to study the strongly magnetic (ferrimagnetic) phase known to exists 
in the Martian soil [1,2]. 

Most SNC meteorites are known to contain titanomagnetite. If the SNC meteorites 
really are Martian rocks, we may thus assume that the rocks of Mars contain titanomag¬ 
netite. The magnetic phase in the red soils of Mars may or may not have been inherited 
directly from the titanomagnetite in the Martian surface basalts. 

We have therefore initiated an investigation of the magnetic properties of the meteorites 
Zagami and Nakhla. Preliminary results from the study of the magnetization as function 
of an applied field will be presented and mossbauer spectra included. 

Experimental: On two small samples of the meteorites Zagami (0.0278 g) and Nakhla 
(0.0126 g) we have measured the hysteresis loops up to 1.6 T at room temperature. The 
measurements were performed in an Vibrating Sample Magnetometer (VSM). The curves 
are shown on the figure. 

It is important to note that the magnetization given in the figure is the magnetization 
of the bulk sample of the respective meteorites. No separation of magnetic phase has been 
attempted. Contrary to this, the mossbauer spectra also shown on the figure correspond 
to a rather careful separation of the magnetic phase. 

Results and Discussion: Both magnetization curves shown in the figure consist 
of a magnetically ordered (ferrimagnetic) phase, and a paramagnetic component. The 
paramagnetic component in Zagami is mainly due to pyroxene, in Nakhla to a mixture of 
pyroxene and olivine. The interesting aspect from our point of view is the hysteresis loop 
present for both Zagami and Nakhla. (There is an asymmetry in both loops. The reason 
for this has not been found, but it is probably due to a systematic error in the VSM). The 
ferrimagnetic curve is most significant in Nakhla. In Zagami the ferrimagnetic phase only 
causes a small bending of the line corresponding to the paramagnetic phase. The results 
of magnetization measurements on the bulk samples are consistent with the results of 
mossbauer spectra of the magnetic separates from the two meteorites. The magnetite in 
Zagami contains so much Ti (Fe 3 _ x Ti r 0 4 , x ~ 0.7) that it is close to being paramagnetic 
at room temperature. The sample from Nakhla shows a hyperfine splitting corresponding 
to a Ti content of x < 0.1. 

Conclusion: From the magnetic properties experiment on the Viking landers it was 
estimated that the spontaneous magnetization <x of the Martian soil is in the range 1 
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Am 2 /kg soil < tr < 7 Am 2 /kg soil. The magnetization of Nakhla and Zagami is evidently 
substantial lower. If the Martian soil formed by direct communition from basaltic rocks 
with a composition as Nakhla and Zagami, the soil would not stick to both permanent 
magnets brought by the Viking landers. 

However, by chemical weathering of similar terrestrial rocks the magnetic phase may 
basically survive and be concentrated in the weathering products [3]. In this case the 
magnetic phase still contains titanium as found in the underlying rocks. On the other 
hand, if the iron has been completely dissolved in abundant liquid water, the magnetic 
phase may have formed via precipitation of Fe(III)-compounds (e. g. 7 -FeOOH). In this 
case the magnetic phase will not contain Ti. A basic problem in the future exploration of 
the magnetic phase on Mars will though be to investigate - by means of X-ray fluorescence 
- if the Ti ions in the soil of Mars correlate with the magnetic phase. 


CP 



Zagami Nakhla 



Figure 1: Magnetization as a function of applied field and mossbauer spectra for Z^ & ami 
and Nakhla, room temperature 
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MARTIAN FLUVIO-THERMAL EROSION: EXPERIMENTAL PROJECT. J. Aguirre-Puente, F. 
Costard and N. Makhloufi. Centre de Geomorphologie, CNRS, rue desTilleuls, 14000 Caen, France. 

Introduction: Fluvio-thermal erosion on Mars has been proposed by F. Costard (1), based 
on a comparison between Martian outflow channels and fluvial outbursts in Siberia. These 
analogies leads to the hypothesis that Martian outflow channels were eroded by the action of 
liquid water against a ground ice. The dynamics of these flows under cold climate induces the 
propagation of a thawing line in the ground ice and a fast bank recession (~25m/year) with 
removal of sediments (2). Our research program has been essentially focused on the modeling 
of some periglacial processes in a Martian environment. Generally, the modeling of an 
erosional process is difficult because it is the result of an interaction of several elementary 
phenomena. An ablation model with immediate removal of sediments has been first proposed 
(3,4,5). An experimental study must complete our theoretical approach. Despite the limits of the 
preliminary tests, the study of the thermal erosion will allow to better understand both, the 
Martian thermokarst and outflow channel formations. This paper presents the designed 
experimental device. 

Conception of the experimental setup: The purpose of the experimental study is to measure 
the propagation of the thawing line in a simulated Martian ground ice and the thermal erosion 
rate. A general overview of the experimental configuration is presented in the included figure. 
To test our theoretical fluvio-thermal modelisation (ablation model), we propose to built a 
hydraulic channel in a small scale. The flow must erode a frozen rectangular block (about 
0.5x0.3x0.2 m) supported by a mechanical framework. The frozen sample, in thermal contact 
with the water during the experimentation undergoes a strong thermal action. The channel 
discharge has been calculated to be enough to produce a turbulent regime and to insure the 
immediate removal of the thawed sediments. The velocity near the ground ice sample is about 
0.8 m.s' 1 . To obtain these conditions, the upstream comes from a water thermostated tank. A 
pump insures the recycling of the water. Temperature measurements will be done with regularly 
spaced thermocouples. A data acquisition system will insure the information acquisition and the 
control of the experiment. The hydraulic channel will be located in the freezer hall facility (18 
x8x5 m) in view to conduct the experiment under controlled conditions (mean air temperature: 
about -10°C). We plan to perform this experiment with a ground ice temperature of -5°C; later, 
more various temperatures and sophisticated compositions and porosities will be introduced. A 
water temperature of 1°C and 5°C will be used. 

Conclusion: This paper presents the thermo-mechanical study necessary to conduct a fluvio- 
thermal simulation. Measurements will be confronted with our previous ablation model and with 
terrestrial measurements in Arctic regions. If this first experimental study agrees with theory, 
the estimations of thermal erosion rate for Martian outflow channels will be reliable. The 
experimentation will give us necessary elements to refine the studies and to conduct the 
experimental study in a simulated Martian environment (6) - DLR Space Simulator, Germany -. 
Our recent insertion in the Martian Simulation Group (with German and Russian scientists) 
allows us to consider this type of experimentation. 

This work is supported by Programme National de Planetologie de I'lnstitut National des 
Sciences de 1‘Univers (CNRS, France). 
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0.3 m 


FROZEN SAMPLE 
THERMOCOUPLE 
MOTION TRANSDUCER 


General overview of the experimental study. 

Water temperature : T= 5°C and T = 1°C 
Ground ice temperature : t = -5°C 
Channel cross section : 0.3 m 
Channel discharge : Q = 24 I s' 1 
Water velocity in the channel: v = 0.4 ms'^ 

Water velocity beneath the frozen sample: v = 0.8 ms* 1 
Reynolds number: Re = 3 10 5 


References : (1) Costard F. (1989) LPSC XX, 189. (2) Are F.E. (1983) Proc. 4th Int. Conf. on 
Permafrost, 24. (3) Aguirre-Puente J., Costard F. and Posado-Cano R. (1990) LPSC XXI, 7. (4) 
Aguirre-Puente J., Costard F. and Posado-Cano R. (1993) LPSC XXIV, 5. (5) Aguirre-Puente 
J., Costard F. and Posado-Cano R. (1994) submitted to Icarus. (6) Mdhlmann D. and Kochan 
H.' (1993) Workshop on the Int. Coord, of the Expl. of Mars, IACG, Wiesbaden, 29. 
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RADIATIVE SIGNALS FROM IMPACT OF SHOEMAKER-LEVY ON JUPITER; 

Thomas J. Ahrens , *Glenn S. Orton , Toshiko Takata and John D. O'Keefe, Lindhurst Laboratory of 
Experimental Geophysics, Seismological Laboratory, California Institute of Technology, Pasadena, 
CA 91125; *Jet Propulsion Laboratory, Caltech, Pasadena, CA 91109 


Background . We used the temperature and internal energy fields calculated by Takata et al 
[1] in the plume to calculate the greybody thermal radiation emitted versus wavelength, to predict 
what might be observed by several spectral sensors operating from different platforms when 
fragments of Comet Shoemaker-Levy-9 (SL-9) impact Jupiter in July 1994 [1-5]. 

A SPH code was used by Takata et al [6] to calculate the full three-dimensional flow and 
thermodynamic fields in the comet fragment and the atmosphere of Jupiter. We determined the 
fragment penetration depth, energy partitioning between the atmosphere and the impactor, and 
energy density deposited per unit length over the trajectory. 

Once the impactor had disintegrated and stopped, and the strong atmospheric shock decayed, 
the flow is driven by buoyancy effects. We then used our SPH code to calculate the flow and 
thermodynamic fields—pressure, article velocity, temperature and internal energy distributions in the 
plume. 

The calculations for 2 and 10 km cometary fragment yielding maximum deposition of 
depths of -175 and -525 km, respectively (1 bar = 0 km depth). We also calculated that 0.7 and 0.6 
of the initial kinetic energy of the 10- and 2-km diameter bolides, respectively, are deposited as 
internal energy in Jupiter's atmosphere. 

Radiative Signatures . The radiation upon entry from the heated atmosphere and vaporized 
cometary media within the temporary conical cavity will be multiply Rayleigh scattered by the H2 
and He of Jupiter's atmosphere, and obscured by the several Jovian cloud decks. Moreover, as 
pointed out by Field and Ferrara [7], the radiant flux may also be reflected from one or more 
Galilean satellites depending upon their position during impact. The observed color temperature 
during entry of a cometary fragment into Jupiter's atmosphere will be in excess of 10 4 K. The details 
of the spectrum will depend on the degree of ionization which occurs in the bolide material and in 
Jupiter’s atmosphere [8,9]. In any case, the ~10 4 K temperature seen in the impact flash during 
bolide entry will occur (because of radiative cooling) for only a minute or so. 

Because the optical radiation from the (~10sec) entry of a SL-9 fragment into Jupiter will 
emit radiation anisotropically , we chose to model only the radiation from the second SPH calculation 
describing the plume. Moreover, the entry flash may be partially obscured in many directions by the 
asymmetry of the entry hole, opacity of ionized gas, and the NH3, NH4SH, and H2O cloud layers. 

Starting with plume calculations of 2-and 10-km SL-9 fragments, we have considered each 
particle as a greybody radiator disc and calculated the total normal radiative power as a function of 
wavelength at a series of times (e.g. Figure 1). Since we are not accounting for the absorption of 
CH4 or Rayleigh scattering from H2, the present calculations are an upperbound to the actual 
radiating power. However, most of the hot materials, shown in Figure 2 a,b, are at, or above, the 
elevations such that there will be minimal absorption effects of clouds. We observe that in the case of 
the 2 km comet nucleus fragment impact (Figure 2b) that its particle velocity is such that it should 
achieve an altitude of 3000 km within several minutes. 

Predictions . In July 1994, the Galileo spacecraft will be in a good position (1.6 AU away 
from Jupiter) to observe with the Solid State Imaging Experiment [10] the plumes from Shoemaker- 
Levy-9 fragment collisions directly. The flux emitted by the plume associated with a 2-km diameter 
fragment is some 30% of the solar visible flux reflected by Jupiter. It is comparable to both Jupiter's 
reflected solar flux near 1 micron and an order of magnitude or more higher than Jupiter's near- 
infrared reflected flux, and Jupiter's average 5- and 7.8-micron thermal emission. Using our 2-and 
10-km results, we infer that the plume from impact of a 2-km diameter fragment yields a radiant 
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power equivalent to 3% of Jupiter's total flux and some 10% of Jupiter's average thermal emission at 
5 and 7.8 microns. Thus, observations by Galileo instruments are technically feasible for a large 
number of the fragments if they are as dense as we have assumed. 

Direct earth-based observations of the impact-induced plume may be possible as it rises above 
Jupiter's horizon as seen from the earth (prior to dawn at the impact point). However, observation of 
the inner Galilean satellites brightnesses as a function of time may detect a reflection of the plume 
illumination superimposed on the solar illumination. The plume generated by a 1 -km diameter 
fragment would increase Io's visible flux by some 10 % in the visible and by 1 % or less in the near 
infrared. The plume generated by the 0.5-km fragment illuminates Io only 0.01-0.03% more than 
the sun between the visible and near infrared. However, at wavelengths of 5 microns and longer, the 
0.5 km fragment induced plume illuminates Io some 1-3% more than the sun. Clearly, them most 
favorable spectral band indirect detection of impart-induced plumes in the near or middle infrared. 

For SL-9 fragments with diameters <1 km, impact-induced plume brightnesses are expected 
to be decreased by plume and atmospheric opacity effects [9], In these cases, the wavelength of peak 
spectral power is likely to be diagnostic of fragment size. Our present study indicated the wavelength 
of maximum plume intensity, X m > and fragment diameter, d, are related by the Wein's law type 
relation: X m d^ ~ 5 x 10 * * cnT*. 



Fig. 1 Calculated spectra from Sboemaker-Levy-9 impact- 
induced plumes for 2 and 10 km diameter fragments. The peak 
power from the 2 km fragments radiates at the approximately 
same power level as the total Jupiter disk. The total power 
from the sun, considered as a point source is shown, for 
comparison. 



Fig. 2 (a) Impact plume (75 secs.) 
configuration for 2 km fragment 
impacting at 40° from zenith, (b) 
Particle velocity field for plume at 
same time. 


Distance [km] Distance [km] 

REFERENCES: [1] Shoemaker, C. S. et al. (1993) IAU Circ., 5725. [2] Marsden, B.G. and Nakano, S. (1993) 
IAU Circ., 5800; Yeomans, D.K. and Chodos, P. (1993) Minor Planet Circ., 22197; Yeoman, D. K. and Chodos, 
P. (1993) IAU Circ., 5909. [3] Chapman, C. R. (1993) Nature, 363,492. [4] Scotti, J. V. and Melosh, H. J. 
(1993) Nature, 365, 7333; Sekanina, Z. et al. (1993) Astron. J. [5] Sekanina, Z. (1993) Science, 262, 382-387; 
Sekanina and Yeomans, D. K. (1985) Astron. J., 90, 2335. [6] Takata, T. et al. (1994) 25th LPSC. [7] Field, G. 
B. and Ferrara, A. (1993). [8] Zahnle, K. and MacLow, M. M. submitted (1994) ICARUS. [9] Chevalier, R. A. and 
Sarazin, C. L. submitted (1994) Astrophys. J. [10] (1992) Space Science Reviews, 60, Russell, C.T., ed. 
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bulk chond^Ie^au^ave^leT^th^now^eMirirair "T'’ elcmenls ’ observed <» INAA 

fr^me^^^ 

composition [2,1] genera,,on of chondmles could produce the observed range of bulk 
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refractoty S lithoph?le S dem 1 ?n, F abundances P s e uch U as^Sm eS and?the' I F e fle e corTeIat 'b n hP^cen the 
minerals all but disappears from the^e free data and the cnrS? t^L C °^ ent ° f the ch °ndrule 
rather weak. The inverse correlation of the •Sr/rvLr^ M 8' A1 correlation becomes 

remains but, in the co^extTflhis m^dd SJS Z'°' S* h COntent of chondrule minerals 
olivines (Fo>97, high Sc low Crt^wiS’ the r"- d b yi he fixing of incompatible-rich 

correlates with Fa fonfent aml by Cr bSSgToa fn SoEtf^J/ ° W SC n hi * h Cr which 

nTa*!7E„^^ 

upper limit simpiy reflect to, 

part in the coupled substitution NaAlCX, SiO [7] 

Brown G.E. (1979) G.CA. 43, 61-75 ^ '-’.{..A. 34, 1/85-1802. [7] Taylor M. and 


Sm (mg/g) Mg (,ng/8) C* 


8 LPSCXXV 

CHONDRULES FROM CHONDRULES ?: Alexander C.M.O'D. 



Mg (mg/g) Sm (mg/g) Sc/Cr (mg/g) 









LPSCXXV 


9 


Ai 5 VI ?, E £ CE FOR SH0RT SIC LIFETIMES IN THE ISM- C M O’D 

Depart,, Washing,™ 

•"r ^ 

aS of grins'frornMa'^n?^ 6 ^'* ^ sizcappears , lo rcflccl differences in the cosmic ray exposure 
ges or grains, trom 13Ma to 133Ma with increasing size, while they resided in the interstellar medium 

refra^SSeTM^Tb ^ lhcore K Ucal cslimates of SOOMa for the residence timesof 

*y S' ISM [c.g.3] but arc consistent with an observed under abundance nf qip i n »h a tc\>t r>n 

Anoto remarkable featnrc of the SiC noble gas darn is rhe tear c^refa^^Tco2fra? 

*e s.ze separates and thc.r 22 Nc contents. Uc 22 Nc is to tavc fonncd in (he He _ she|| of AGBs^Trs 

so there is no obvious reason why it should correlate with exposure age. The observation that only aboutiSfc of 
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noo,^- R °y. Aslr Soc - 244 ' 427 - (51 Gallino R. ct al. (1990) Nature, 248 298 6] Nichols R H ct^ 
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Fig. 1 Comparison of the s-process gas concentrations 
measured by [2] with those predicted by the fit. 



Table 1. Summary of results of the fit to the pure 
s-process KJ data [2]. The age is the age before 
the solar system formed. The isotopic ratios are 
the ratios in the winds. The absolute ^Ne 
fluences were calculated assuming all stars 
produce similar amounts of SiC. The wind 
energies include the 1 sigma in the energy 
distributions.___=_ 


Pure s-process 



Population A 

Population B 

Age (m.y.) 

31.1 

84.9 

4 He/ 22 Ne 

2-lxlO 2 

1.2X10 2 

22 Ne (ccSTP/pm 2 ) 

5.7xl0 ,s 

5.4x1 O' 13 

36 Ar/ 22 Ne 

1.9xl0' 3 

1.6xl0' 3 

82 Kr/ 22 Ne 

3.5xl0 4 

7.8x1 O' 5 

86 Kr/ 82 Kr 

0.61 

3.4 

i^Xc/^Nc 

2.8xl0' 3 

5.6xl0 -8 

Energy (keV/amu) 

6.9±0.3 

56.6±31.6 


Fig. 2 Comparison of the predicted gas concentrations 
with those measured in single grains [e.g. 63. 
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Cl AND ALKALI METASOMATISM IN UNEQUILIBRATED ORDINARY 
CHONDRITES; C.M.O’D. Alexander, McDonnell Center for the Space Sciences, 
Washington University, St Louis, MO 63130, J.C. Bridges and R. Hutchison, Mineralogy 
Department, The Natural History Museum, London SW7 5BD 

Mineralogical changes, probably driven by hydrous fluids, occur within the UOCs, 
but are subtle and little documented. Furthermore, the meteorites involved need not be the 
lowest types on the petrographic sub-scale, 3.0-3.9, based on thermoluminescence [1]. 
Evidence of this alteration was found in five UOCs: the presence of smectite in Semarkona 
(LL3.0) and Bishunpur (LL3.1) [2], and post-accretion oxidation and Cl- (±H 2 0) 
metasomatism in Tieschitz (H3.6) [3-5], Sharps (H3.4) [4], Bishunpur [6] and Pamallee 
(LL3.6) [7]. The latter produces Cl-bearing species such as chlorapatite, scapolite, 
nepheline or feldspathoid, and "white-matrix". We show that white matrix and altered 
chondrule mesostases in Tieschitz are enriched in F, Cl, K, Rb and Ba, and describe new 
examples of alteration in Chainpur (LL3.4) and Pamallee. 

Tieschitz The bulk composition of white matrix resembles Bishunpur scapolite (Table 2), 
but TEM observations show that white matrix is not scapolite, but is dominated by a lamellar 
intergrowth of two unidentified phases [4], or, in some areas, nepheline [8]. Hutchison 
observed incipient alteration of chondrule mesostases [5] to a product physically and 
chemically resembling white matrix. We therefore analysed, by ion-probe, unaltered and 
altered mesostases co-existing in five porphyritic chondrules, plus three areas of 
interchondrule white matrix. All of the mesostases consist of glassy or cryptocrystalline 
material containing dendrites of Ca-pyroxene. In back-scattered electron images, "glassy" 
unaltered mesostases have smooth surfaces and are bright but altered mesostases appear 
blocky and dark. The presence of phenocrysts and dendrites throughout a chondrule 
precludes the possibility that different, immiscible liquids were involved. Chemical data are 
presented (Table 1) which show that, compared with unaltered mesostases, altered 
mesostases are enriched in F, Cl, K, Rb and Ba. There is no enrichment in Na. 
Chainpur A radiating pyroxene chondrule was found to have altered mesostasis of two 
compositional types (Fig. 1, Table 2). One has high Si0 2 and Cl (<4.6 wt%), but lower 
Na 2 0, but the reverse is true of the other. Both types tend to decompose under the electron 
beam, which may account for the low totals obtained. Similar low totals in Tieschitz white 
matrix were attributed to porosity [8]. The representative analyses do not correspond to 
mineral species, but the higher Si0 2 type is close to the composition of Bishunpur scapolite 
and Tieschitz white matrix. The mesostasis contains crystallites of Ca-pyroxene (Wo 16 En 37 ) 
and may not be fully crystalline. 

Pamallee A barred chondrule comprises olivines (Fo 7 2 . 76 ) intergrown with plagioclase 
(An 7ft . g7 ) and minor pyroxene. At their margins, the feldspathic areas have partially altered 
to material with the composition of Cl-bearing nepheline. Much of the feldspar is also 
deficient in Si. 

Conclusions Our observation of Cl-bearing phases in Chainpur brings the number of UOCs 
in which secondary alteration has been recognised to six. These UOCs are of different 
chemical groups and petrologic types, so alteration probably was fairly widespread. 

In Tieschitz, at least, K, Rb and Ba were introduced into altered chondrule mesostases, so 
the fluid was enriched in these elements. The association of volatile Rb with refractory Ba 
indicates that the alteration was not driven by condensation or evaporation. This, and the 
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juxtaposition of white matrix with altered mesostases around the margins of chondrules, 
indicates that alteration was a parent body process. Transport presumably was accomplished 
by F, Cl and H 2 0. A genetic relationship between altered mesostases and white matrix [5] 
is confirmed by their high F, Cl, K, Rb and Ba contents (Table 1). Relative to other UOCs, 
Tieschitz is depleted in Na and K. It is possible that although local elemental enrichments 
were produced, the bulk meteorite was leached. 

References [1] Sears, D.W.G. et al. (1980) Nature 287, 791. [2] Alexander, C.M.O’D et al. (1989) GCA 
53, 3045. [3] Christophe Michel-Levy, M. (1976) EPSL 30, 143. [4] Alexander, C.M.O’D et al. (1989) EPSL 
95, 187. [5] Hutchison, R. (1992) Meteoritics 27, 236. [6] Alexander, C.M.O’D et al. (1987) Mineralog. Mag 
51, 733. [7] Kennedy, A.K. et al. (1992) EPSL 113, 191. [8] Ashworth, J.R. (1981) Proc. R. Soc. Lond. 
A374, 179. [9] Alexander, C.M.O’D. (1987) Unpubl. Ph.D. Thesis, University of Essex 


Table 1: 
2U 

2A 

4U 

4A 

5U 

5A 

8U 

F 

13.0 

720 

20.6 

297 

13.5 

224 

16.9 

Cl 

69.4 

3267 

666 

5440 

162 

5223 

1331 

K 

185 

5868 

538 

2733 

254 

4589 

597 

Rb 

1.44 

7.08 

0.77 

3.57 

0.87 

5.25 

0.38 

Ba 

1.28 

15.6 

2.10 

15.6 

1.50 

128 

3.07 


8A 

9U 

9A 

A/U 

WM4 

WM9 

WM10 

30.4 

61.4 

155 

1.8-55 

43.1 

44.5 

26.6 

5708 

99.5 

4032 

4.3-47 

3706 

3426 

2379 

4263 

253 

3646 

5.1-32 

5467 

5261 

5794 

10.8 

2.19 

9.82 

4.5-28 

9.54 

8.71 

10.0 

28.6 

1.14 

27.6 

7.4-85 

19.3 

9.79 

9.51 


Elemental abundances (ppm) in unaltered (U) and altered (A) mesostases, Tieschitz 
chondrules 2, 4, 5, 8 and 9. A/U is the range of values. WM4, WM9 and WM10 are 
interchondrule white matrix, near chondrules 4, 9 and 10. Data from the Washington 
University, St Louis, ion-probe. The absolute values may need correction, but the ratio A/U 
should be unaffected, indicating that all elements are enriched in altered relative to unaltered 
mesostatis. 


Table 2: 

C(a) 

C(b) 

sio 2 

53.3 

46.1 

aia 

23.9 

25.5 

TiOj 

0.05 

1.21 

FeO 

0.98 

1.58 

MgO 

1.24 

0.22 

CaO 

1.48 

2.65 

Na 2 0 

8.89 

12.1 

KjO 

0.91 

0.80 

PA 

0.03 

0.22 

Cl 

4.64 

2.07 

Sum 

95.4 

92.5 


P(ne) 

B(sc) 

T(wm) 

44.0 

59.0 

56.2 

32.5 

20.3 

18.3 

- 

- 

n.d. 

0.3 

3.22 

4.75 

0.4 

0.40 

3.32 

1.4 

3.05 

3.85 

18.0 

11.0 

8.9 

0.1 

0.81 

0.4 

- 

- 

n.d. 

0.9 

3.67 

n.d. 

97.6 

101.5 

95.7 


Representative analyses of Cl-bearing materials. C(a) 
and C(b), WDS microprobe analyses of (a) Si- and 
Cl-rich, (b) Si- and Cl-poor mesostatis, Chainpur 
chondrule (Fig. 1). P(ne) EDS analysis, nepheline in 
Pamallee chondrule. B(sc) Bishunpur scapolite [6]. 
T(wm) Tieschitz white matrix [9]. 



Back-scattered electron image, 
Chainpur RPx chondrule, with 
mesostasis. H = 4 spots, high 
Si, Cl; L = 3 spots, low Si, Cl 
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HON-AwlRCT?c T ™MDMTES HE vTM“eav EEI . C ^ V ANT “CTIC AND 

• ; ”»i»' S~&To> WoSf ^ 

(Ne-22/Ne-21 ) l c^ratios of f AnS!» St f •‘’““T ° f the <=°smogenic 
chondrites suggests the siBil»r?t and F "“'Antarctic ordinary 

preatmospheric^masses o^thes^tw^populations^ofhlneteorites «“ 

of Antarc? 1 “ e “d ka rAn t ^rcJi ai Ji""^r [ f 2 r S ?or d r tri ^ ti ° nS 
rage value of mass of non-Antarctic stone fan-' ?« 

velyhfFiS n**/' A !! t ? r0t i c finds: 2750±200g and 29±2g° U ?especti- 
vely (Mg 1). Somewhat, this differenow rucsnU-o p s pecci 

c n > f L h a e n ?;^n n TL b Lt^t^1c by ^ in 5” t ? n ' et »?i; 

g tiagments due to weathering of Antarctic meteorites [3] 
be estimated U out n o f f * £ X P a ^ 0Rphe ^^ sizes of meteorites may 

IsotopeTof d (N:-2?/Ne21)0 ^", ?? the - rati ° of —genic 

n f i ns i 9 ^ f e : c ‘ Ti 1115 ratio varies mainly in interval 

p t ' L 5 for the most of stone meteorites [4], In this else 

depth "f ln!t!f 10 a ? e typical for sma11 meteorites or small 

(Ne-2°/Ne- 91 ^ " . ^° n l0r studying the distribution of 

Uined atla n U l«r° S we used the values of Ne- 22 c and Ne- 21 c ob 
ned at calculations of exposure ages of ordinary chondrites 

from compilltion^e'l c S nt * nts " f noble Sas isotopes were taken 

carried out more hin 25 JJaVSo At^that T mt9 

, . , , ^ ^ CdIb &&o , at that time lnst-rnm^nfai 

fractionation as well as background corrections were based on an 
atmosphere Ne-20/Ne-?2 ratio oP m 9 » , , ‘ were Dasea on an 

accepted value of d R T 7 T u k r 3ther than the presently 

(Ne-??/L-? rj® f ^ 7] - Wa have anal ysed distributions of the 

a 4 .^° va i ue:=> tor analyses made since 1962 up to now It 
Vs"? systematical decrease of this ratio on an average 
Tah?e^ 8 ;0- 8 ^ for analyses published in or before 1967 (Fig 2 
Top lW' Ther f for8 - " e “sed only noble gas data obtained Sfter 
lntLcoT°TT°? ° f <Ne- 22 /Ne- 21 )c ratio distribution of 1 - 

dinary^chondrites 'irelhown^onli^rlf ^n 21 ' 0 r «“»f f ° r 
non-Antarctic meteorites for measurements after lie? app?IcLbly 

agSnJt^ha”' T? e -?f re ° ti0n ° f the higher <Ne-22/Ne-21 )o values as 

tistioal tM‘° fTi 1 , “ ent ?' We used th * non-parametrio sta- 

clerical tests for comparison of these distrihntinnc T , „ , 

average (median) values of the (Ne 22/Np 21 A The found 
mpn tp -f fQr igp 4 j - ucc > cue k ixe N^-Zl jc ratios for measure- 

mento after 1967 are given in the Table 3. It is seen all averTL 
values agree well within the error limits This fact allows f 

suppose the similarity of the (Ne-22/Ne-21)c ratio d?stribut! on » 

test S The ^?al US H h t aaS ° lade after use the Kolmogorov-Smirnov 
. ' ^ btaineci data suggest the similarity of distributions of 

preatmespheno sizes of Antarctic and non-Aniarctic chon^U«. 
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Table 1. The numbers of 
fragments with mass of —m of 
Antarctic and non-Antarctic 

sto ne meteorites ___— - r 

Meteorites m^IRkg | m-64kg 
non-Ant. (1813") >250 >65 

Antarct. (-7000) jj_ _£- 

Table 3. Average values of 
(Ne-22/Ne21)c ratios in differ¬ 
ent groups of meteorites analy¬ 
sed after 1967. Errors corres¬ 
pond to confidence probability 
of 0.95. The number of meteori¬ 
tes is sh own in parenthesis - 

f Meteorites 1(Ne-22/Ne-21 )c 


Table 2. Average values of 
(Ne-22\Ne-21)c ratios in non- 
Antarctic ordinary chondrites 
for noble gas data obtained in 
different time. Standard devia¬ 


tion 


±lO. 


Analyses 


before after 

1967_ 1222 - 

A, % 

r^. r-% +.r\ rr 


falls 
finds 
falls 
f inds 
and L 


1.067±9 
1.076*4 
1.048*6 
1.068*6 


100-6 
120 ±4 
107*6 
, 109*5 


0 * 1.0 
. 0 * 0.6 
.5*0.8 
. 8 * 0.8 


Antarct 


H 

L+LL 

H+L+LL 

H 

L+LL 

H+L+LL 


1.105*17 
1.111* 9 
1. 109* 8 
1. 117*26 
1.114*14 
1.114*12 


(161) 
(184) 
(345) 
( 63) 
( 59) 
( 122 ) 


A=--^---^------- . 200% , where 

R( >67) + R(-67) 

r(< 67) and R(>67) are average 
(Ne-22/Ne-21)c values,obtained 
from analyses before and after 
1967 respectively 


REFERENCES: 
[2]Graf Th. 
1.2L 


r1IFoeber1 Ch Cassidy W.A. GCA,1991, v.55. No 1, 3. 

1991,11. [4]Schultz L.,Kruse H. 
Meteoritics, 1989, v.24, No 4, 
T 7F 155 [5]Schultz L. et al. GCA, 
1991, v.55, 59. 


v.24, No 4, 
et al. GCA, 





*5555 5 5 5 5 i S 5 ! • > l" 

^ond'to'he ajerige values <±1°> for seasure-ents before and 

after 1967. ??/Ne-21)c values in ordinary chondri¬ 
tis t Distribution of (Ne-22/Ne^21)c (l22> meteorite s 

tes. 1 - non-Antarctic (5 ) after 1967- dotted lines - all 

Solid lines - measurements only after idbt, 

measurements. Arrows show the median values. 
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° N CALCULATION OF COSMIC-RAY EXPOSURE AGES 
V.A.Alexeev Vernadsky Inst, of Geochem. and 
Russian Academy of Sciences, Moscow , Russia 


OF METEORITES. 
Analyt. Chem. , 


& - "°os e J5- i d 5SS 

Study of the distributions of cosmic-ray exposure oan 

tion S ?or “S °? nditi0nS ° f thasa^osSlo bodief forma- 

decrease^f ia^e^e'of 'S?"™ 

thfrelL^^V^' H-hondritaa cfea^paa ^ 

the "H n «?£ ~l Hv '. At the present time the attempts to find out 
*? 8 structure m exposure age distributions of H- and L- 

chondrites are undertaken for discoverv of nnej^iKio i +. 

iT^ fr f ma ^ ne ° aS ° rlSin ° f tha^eorUe groaps "if 

■ ^ empt r 1 1S necessa ry to take into consideration 'the 

conclusions 63 ° f 686 ValUeS " hi ° h leads ttoiiSSrrS* 

rates N of ar ® usually calculated with production 

° f Eugster [4] on contents of cosmogenic He-3, Ne-21 and 

Ar 38 (with small correction for Ar-38 [5,6]).However many noble 

tent m th SUreit ^ nt£ \- Were carried out more than 25 year ago and con¬ 
tent the systematic error [7], It was found the systematical 

3 8 y 0 a 8^ ?or in r SBOgen i?. < !! e - 22/Ne - 21 > 0 rati ° s on an^e^ge by 

-+Z iu f l analyses published in or before 1967 in comparison 
with those for analyses after 1967 [8] This effect mn<=:t h» k 
in mind in calculations of the exposure agsS. b ® b ° r " 

determination the possible systematic deviation in con- 
tents of cosmogenic Ne-21 calculated on data published before 

and^after 6 }nR 7 h? 03 ® H ahond f ites uhioh "ere analysed both before 
and after 1967. For each such meteorite the average value of 

n*e-?fV 1C Ne_21 . was calculated: (Ne-21)av = 2(Ne-21)i/n, where 
(Ne 21)i are contents of cosmogenic Ne-21 for the different years 
of measurements in the meteorite and n is the number of Ne-21 
measurements for given meteorite. Then the relative contents of 
cosmogonic Ne-21 were calculated in this meteorite: Ri=(Ne-21)i/ 

{nH " UC1 procedure was ®ade for all selected meteorites 

and histograms were constructed for Ri values for analyses both 

c!ose e to n ^rmaf 19B? The ° b t“n a d distributions are 

®J° !?°^ mal ° ne f,_ and for every histogram the Gaussian curve 

difference & hpt by h6 method of successive approximations. The 
faience between positions of the maxima is 8±2%. Thus if we 

or more statistical validity of conclusions to use the 
noble gas data published in or before 1967 we must calculated 
contents of cosmogenic Ne-21 multiply by 1.08 and calculated 
cosmogenic Ne-22/Ne-21 ratios multiply by 1.038. This will allow 
to avoid the discussed above systematic deviations. 
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We pads this Precede re ^r H-chcndrites tells andj ind^ith 

exposure ages of t - 12My UMe regio y corrections in the 

results (Fig.2 > ? howe *^ the peak for corrected ages became 
direction of higher ages, the peax l° T t uncertainties at 
narrower. Apparently presence ° f t hS resolving power 

determination of the exposure ages stipulates the res ^ 

on the exposure age scale of 20 JUA, close 
H-chondrite peak. 


flexes? V.A. LPS XXIII, 1992, 17. 

Graf Th., Marti K. LPS XXIII,1992, 433. 

Graf Th., Marti K. LPS XX, 1989, J 53 - 

Eugster 0. Geochim. Cosmochim. Acta, 1988, v.52, lb4 
Graf Th., Murti K.,LPS XX, 1989, 353. 

Alexeev V.A. LPS XXII, 1991, 11- -iqqi v 55 59 

Schultz et al. Geochim. Cosmochim. Acta, 1991, v.5 , 

Alexeev V.A. This volume. 


2 . 

3. 

4. 
5 
6 . 

7. 

8 . 


? A L L S FINDS 



Fig.1. Distributions of oosmogenic '^content 

5iu;. wh iss shi: ? h e 

positions of Ga “? s1 ®" „osu ages } < t ) of H-chondrites (falls 
Fig.2.Distributions of e ^Posure ag ' a ges were calculated 

with' 1 corrections ‘ oY*l os^nio SS^l'oojt.nt.^ he-,2/ 

/He ; 2 hiur t oirre 0 c f ti"o: t s e0 ”h:%" e r a ofs r Le standard deviation of 
ay&rggfi.'value 6 :first'number) and parameter of O in Gaussran 
equation (the number in parenthesis). 
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SHORT LIFE OF SMALL 
V.A.Alexeev. V. I. Vernadsky 
Russian Academy of Sciences , 


METEORITES IN THE COSMIC SPACE ? 
Inst, of Geochem. and Analyt. Chem ., 
Moscow, Russia. 


An analysis of distribution in the ordinary chondrites of 
the average values of track production rates, due to galactic 
cosmic rays, suggests short time of life of small meteorites in 
the cosmic space. 


c n n an oyw S1S dispersion of ratios of cosmogenic isoto¬ 

pes of He-3/Ne-21 and Ne-22/Ne-21 depending on the cosmic-ray 
exposure ages of meteorites showed the increasing dispersion at 
ecreasing age [1]. This effect was explained by presence of sig- 
mfleant portion of meteorites of small preatmospheric sizes (of 
small shielding depths) mainly among meteorites of small exposure 
ages. It is known, the shielding depth of the investigated sample 
in the preatmospheric body of the meteorite stipulates not only 

h '° f cosm °g enic isotope ratios of He-3/Ne-21 and 
Ne 22/Ne 21 [2] but also the production rate of tracks by galactic 
cosmic rays [3]. In this report we investigated the distribution 
of the average values of track production rates of P a /T as a 

function of cosmic-ray exposure ages of T in ordinary ^chondrites 
(H,L, and LL). 

The average track density values of p* v were estimated ac¬ 
cording to data published in [4]. Calculations were made accor¬ 
ds to formula:p au =N/S, where the N is a total number of tracks 
detected on the area of S of all investigated pyroxene or 
feldspar grains in the meteorite. We used also the exposure ages 
calculated in our early studies [5], The obtained distribution is 
shown in Fig 1 to a scales line and logarithmic. The points cor- 
respond to meteorites with number of investigated grains of n<3- 
circles are for n-3. We can not see the meteorites with high va¬ 
lues of P a(/ /T in the region of high exposure ages. For example 

£ Or / T iJ a ?J 0% -2°5 ^ eteo f ites w^h T< 15 My (10 among 48) have 
Pa v /i-4xlU cm My whereas none of 45 meteorites with T^15 My 
have not such track production rates. For calculation of "bounda¬ 
ry regression line we choose the points with n^3 which deviate 
from calculated for these points regression line in log-scale not 
more than -5% (the filled circles in Fig 1). The such way 
obtained regression line have form: lg(P 0lv /T) = 6.35 - 0.034 T 

For estimation ofpreatmospheric sizes of meteorites located 
along the regression line, we calculated the distributions of 
weighted mean (for volume of found meteorite) value of p ^/T de¬ 
pending on preatmospheric radius (R e ) of meteorite for different 
ablation of A. Calculations were made at simplifying assumptions 
that 1) ablation was uniform and 2) form of fallen meteorite is 
spherical. The P<,„/T values were calculated according to the for- 
® ula: . Rm//T = (*£ p ; Av t )/(4%R 3 /3), " ' 

where R (in cm) is the radius of fallen meteorite (see Fig 2). 
The Pi is track density at depth of d; in preatmospheric body of 
radius of R 0 at T-lMy [3], This value of P; was taken identical 
for all volume of Av^47U( r f +< -r:)/3. As there was demonstrated in 
[4], mass ablation estimates range between 27% and 99.9% with a 
weighted mean ablation of about 85%. Therefore we carried out the 
calculations for ablation of A = 25; 50; 85; 99 and 99.9% (Fig 3). 
We can see, the high average track production rates (~10 ff cm^ My" 1 ) 
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SHORT LIFE... Alexeev V.A. 


inherent only small bodies (with Ro 5 cm) out of dependence on 
value of ablation. For big meteorites (R„~30-50 cm; probability 
of detection of samples with high track _ production rates 

C^lCrcm' 2 My'' 1 ) is extremely small. The obtained data alxuws us 
to suggest the short life of small meteorites in the cosmic 

space before capture by the Earth. „ , P 

The considered effect may be understood in the framewur o 
model according to which meteorites may be fragments of mainjjelt 
asteroids, derived by cratering collisions. In this ^ase disper 
sion of the velocities of fragments at collisions of asteroids 
stipulates the different times of the evolution of these fragment 
orbits to the earth-crossing orbits. Smaller fragments obtain 
higher velocities, whereby the time of transfer of this fragments 
to the earth-crossing orbits is decreased and therefoie their ex 
posure ages will be mainly small. 

REFERENCES: [1] Alexeev V.A. LPS XXIV, 1993,9 [2] Graf Th. ef aS 

GCA,1990,v.54,2521. [3] Bhattacharya et al. JGR, I® 7 -' 

[4] Bhandari N. et al. Nucl. Tracks, 1980, v.4, 213 [ ] 

V.A. LPS XXIII, 1992, 15; XXIV, 1993, 11 



SO GO 70 T 



50 ** 


* 

product ion 
expo- 

sure^ ages~of meteorites (T,My).'Points correspond to the 
meteorites with number of investigated samples of pyroxene 
nr feldspar of n < 3; circles are those tor n-o 

Fig.2. Schematic diagram for calculation of V Jiso 

of 0a,/ T. The Av is volume lost at ablation ani h 
not found after fall of meteorite; d; =Ro -( r+r; )/2 . 

Fig 3 Weighted mean er track production rate in fallen meteorite 

F g ' ' ,p g /T lo^cm' 2 My" 1 ) vs. preatmospher ic radius (Ro ,cm, 
for" different values of ablation (A,%). 


Figure captions „ . Q ,, 

Fig 1. Distribution of the average values of, tjack, 
rates in ordinary chondrites (P*„/T, 10 cm ny ' 

c M ^ Pninh?: r.nn 
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.meteorites AS DIFFERENTIAL .DETECTORS .OF EVENTS over.a 
.LONG TIME SCALE; V.A.Alexeev and G.K,Ustinova, Institute of 
. Geochemistry end Analytical .Chemistry*HAS, .Moscow.117334.Russia 

An effective,approach,to temporal localization of events 
during.meteorite life.is developed,due to use of the statistic¬ 
al distributions of various meteoritic.features and properties, 
in particular, contents of.cosmogenic nuclides, independence 
on,their cosmic-ray exposure or radiation.age. 

.The history of meteorites abounds in.diverse events having 
Played, perhaps, a.key role in forming their characteristics and 
peculiarities. However, the observed effects of the events in 
.meteorites are integral by their nature, i.e., they are accumu¬ 
lated over the whole life of the meteorites, so there is no po¬ 
ssibility to attach those events to any definite period of time. 
Nevertheless, a constructive approach is elaborated in the pre¬ 
vious works /I,2/ allowing us to decide this problem. The fact 
is that meteorites have different cosmic-ray exposure and radio¬ 
genic ages, so searching for an effect statistically, among 
great numbers of the meteorites with different ages, one can 
distinguish the moment when this effect exists and when it does 
not yet/or already exist. Therefore, such a statistical appro¬ 
ach converts . the meteorites, as integral.detectors, into the 
.differential ones of events in their history over a long-time 
scale /3/. In the present paper some irradiation effects in or¬ 
dinary chondrites in accordance with the radioactivity of long- 
lived nuclides are considered. The fulfilled analysis of Al-26, 
.Be-lO and Mn-53 radioactivity in 435 Antarctic and non-Antarc¬ 
tic .H- and.L,lL-chondrites with different cosmic-ray exposure 
ages has shown that the average equilibrium radioactivity;A 0 of 
,Mh”53 in the chondrites with t £ 8 .My is appreciably higher than 
.in those with t>.8,My (see it in.Fig,1 for the no ^Antarctic H- 
.chondrites./1,2/). This effect is not observed for.Al-26 and 
Be~10.(Ti/ 2 .of which are 0,705 and.1,51 My» respectively,versus 
2*7 My of Mn-5 V , namely, the magnitude A = [^(tSS^TAQ^s)]/ 
;Ao(t>0) is equal,to 17»3+3,3£fqr,Mn 753 .and.only to 4,1+3,2J£for 
.Be-10 and 4.8+2,2^for A1 t 26, Such.a.situation.could be.conditi¬ 
oned by. temporal variations of galactic ..cosmic. rays several .mi¬ 
llion years ago, i.e., by their higher intensity My ago 

.due.to relaxation of the solar modulation mechanism ./4,5/« If 
so, the.higher Mn-53 average radioactivity should be observed, 
on. the. whole,. in. H-chondrites. (whose_ayerage CQsmip-ray exposu¬ 
re age t is ^7.8 and-7,5 for the 
Antarctic, and npn-Antarctic chond- 
Fig.1 - Distribution of Mn-53 equi¬ 
librium. radioactivity (dpm/kgFeNi) 
in non-Antarctic H-chondrites with 
different cosmic-ray exposure, age 
(dashed belts mark, its average va¬ 
lues (A 0 ± S’ ) in. the, chondrites 
with t £8 and. t > 8 jvly)/i, 2/ 
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METEORITES AS. DETECTORS: Alexeev. V,A*. and Dstfhpva, G V ,K, 

Table. The. average Mn-53 radip-' rites, respectively), in. compar- 
activity- A (in dpm/kgEeRi). pb- . ispn with it. in. L,Lb-chpndrites 
peryed. in. chondrites in, cpmpar- (whose; t <-20. and>*18..5, lily for 
ippn with the calculated, yalugs.the same groups).Really, in the 
A for the average ages. t. and; t-^, table. the. ratios A/Aq are pre- 

— ---— t - tt - ~z~zzzzz7z~ seated, which have been calcul- 

noa-Antarctic Anfarp.ic ^ted with using those yulups, of 

— - -0--.—i and_the, average terrestrial 

^f'o_Qj26§__Q 4 255 —Qji22S__Q-sZ^ ages; ttfo! for tjie. npn-Antarctic 

chondrites, and t+;»'230. and -40 

>r the Antarc-. 



the correlation of their Al"?2. radioactivity 
/2»6/.After, normalising A. to; A, for the. non- 
Antarctic L,jiL-cjiondrites, the expected, yal- IJ 
ues A. for other chondrites are obtained. As 
seen, from.the. table,the observed Mn-53 radi¬ 
oactivity in R-chondrites. is i,15“1.,?7 times 
higher the expected one that corresponds to 


and 


1 . 0 + 


the Mn-53 correlation betv/een. the (t££ 

(t>8My). groups of all the chondrites. 

To, detect the range of higher galactic 
cosmic ray intensity over a long-time, scale 

the. ratios, Aq/A^ pf Al~26, Be-10. and Mnr53 . 

equilibrium" radioactivities at the 1,5 times i _? * _ 4 

higher intensity in the range (Aq) to them ~»* e Pf n £ erice 



O.f-9 


1-4 My 


i/i M r 


of the nuclides, in 
assumption of diff¬ 
erent variation 
range (figures on 
the plot) 

,/ A o 


1 - 1 + 


1.1 


1 . 0 + 


4-iitsiiax xn nits \aq; bu i/iiem ZZp t " /»* m 

without, variations (AA). have. been, calculated ° "£ /A o on r- 1/2 
supposing different dispositions of lower 01 tne nucl:Ldea 1 
and upper limits of the range. As follows 
from Rig.2, the aforesaid correlation among 
the nuclides (crosses on the plot) is.fitt¬ 
ed, by the curve corresponding to the vari- - 
ation range, between 3 and 6 My ago. The di¬ 
stributions of equilibrium radioactivities 
(in Aq/A^ units) of the nuclides over the 
chondrites of different cosmic-ray exposure 
age for the case of galactic cosmic ray va¬ 
ri at ions 3“ 6 My ago are demonstrated in.Big, 

3, One can see the greatest variation eff¬ 
ect be the difference of Mn-53 radioactivi- - >feM 

ty in the chondrites with t £ 3 My , and ^6-8 w . ■a.iw. 

My. Certainly, to detect it one must allow .^f T n _c 

for the depth and screen effects in the li 96 ™ +*° 

chondrites. The independence of the appro- GGR 'iitenaitv w ^ 
ach to study OCR variations of the nuclide -r? +nTensxTy_ was 

production, cross sections should be .noted, ^ ^ lsner 

References , {TJ Alexeev V,A,,1PS XX (1 989)11 , f2j,Alexeev V,A.,Ast- 
rpn.Vestnik 25(1991 )233;372, }3] A lexeev .V,A.,.Ustinova Q,K«,proc. 
23rd ICRC,Calgary 3(1993)861 .|® Lavrukhina.A,K,,Ustinova G,K,, 
Proc.LPjjp 9th.2(1 978)2399, f5^ Ustinova G.K..Lavrukhina A,K,,this 
issue, |b[Alexeev V,A,,Astron,yestnik ,27(1993)81. 
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NEW PROSPECTS FOR ANALYZING LUNAR PYROCLASTIC GLASS 

C. C. Allen, Lockheed Engineering & Sciences Co., Houston, TX L. P. Keller and J.P. Bradley, 
MVA, Inc., Norcross, GA D.E. Brownlee, University of Washington, Seattle, WA 
and D. S. McKay, NASA/Johnson Space Center, Houston, TX ^ 

p 

Pyroclastic glass particles of diverse compositions are sparsely distributed in the lunar soil. 
Numerous suspected pyroclastic deposits have been pinpointed on the nearside. However, a 
dearth of pure samples large enough for spectral study, coupled with the kilometer spatial 
resolution of Earth-based telescope spectrometry, make it difficult to remotely analyze these 
deposits or tie most glasses to specific sources. Two developments should soon improve this 
situation. First, the technique of microscope photometry combined with microprobe analysis 
for the first time allows correlation of the reflectance spectra and chemical compositions of 
individual glass particles. Second, the Clementine spacecraft will provide multispectral 
images of pyroclastic deposits at much higher spatial resolution than is currently achievable. 
These developments, combined with traditional laboratory and telescope studies, should allow 
compositions of many pyroclastic deposits and sources of many soil particles to be determined. 

Pyroclastic Glass. Lunar pyroclastic glass particles, tens to hundreds of micrometers in 
diameter, span a large range of chemical compositions. Delano (1) has identified 25 distinct 
glasses in lunar soil. Among these glasses, thin section colors range from green to yellow to 
orange to red with increasing Ti02 content. Some of these compositions are also represented by 
devitrified black particles, darkened by myriad submicrometer ilmenite and spinel crystals. 

Of these diverse glass types the reflectance spectra of only three are known (2,3). Sample 
74220 is the high-Ti "orange soil" from Shorty Crater. Sample 74001 is a core dominated by 
almost pure concentrations of black glass, the devitrified equivalent of 74220. Sample 15401 
contains predominantly low-Ti green glass. No other pyroclastic glasses have been found in 
sufficient quantity (10 mg * 10,000 particles) to permit classical reflectance spectrometry 
(C.M. Pieters, personal communication). 

If reflectance spectra could be correlated to chemical composition it might allow remote 
analysis of many lunar pyroclastic glass deposits. Such determinations could be ambiguous, 
however, if the deposits are heterogeneous. The extensive Taurus-Littrow dark mantle, for 
example, contains mainly black glass like 74001, mixed with orange glass similar to 74220. 
This determination was made based on telescopic measurements (4, 5) with 5-20 km spatial 
resolutions. Homogeneous deposits of smaller dimensions, if they exist on the Moon, cannot be 
identified by Earth-based measurements. 

Microscope Photometry. We have for the first time collected reflectance spectra of 
individual pyroclastic glass spheres as small as ~20 pm in diameter. Measurements were 
made over the wavelength range of 380- to 800-nm relative to a BaSC >4 reference standard. 
Spectra were obtained by scanning over the wavelength range in 5 nm steps. Measuring 
apertures were optimized to individual particle diameters. Further details of the microscope 
photometric technique are reported by Bradley et al. (6). 

Figure 1 shows typical spectra of - 100 pm diameter glass particles from samples 74220 
(orange), 74001 (black), and 15401 (green). The orange glass spectrum is characterized by 
a gradual rise from the UV to around 600 nm, followed by a steep rise and a broad absorption 
feature longward of 700 nm. The green glass shows a rapid rise to approximately 560 nm, 
followed by a deep absorption feature centered in the infrared. These bands have been 
correlated with the abundances and oxidation states of iron and titanium in the glasses (7). The 
black glass spectrum is essentially flat throughout the measured range. The locations of 
absorption features closely match those measured for bulk samples (2,3), though the bulk 
samples exhibit more pronounced red slopes. 
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The peak reflectivities of individual glass particles depend on size and degree of roughness, 
with broken particles having the most prominent spectral features. Values for green glass 
range from 7-16%, while orange glass ranges from 8-40%. In both cases slope trends and 
peak locations are similar among all particles. Black glasses all have nearly identical spectra. 

Particles which have been measured by microscope photometry can subsequently be classified 
by chemical type using the electron microprobe. Thus, chemical compositions can be 
correlated with reflectance spectra even for extremely rare particles. We intend to use this 
combination of techniques to quantify the colors of the entire range of pyroclastic glasses, 
using individual particles picked from lunar soil samples. 

Clementine. The Clementine spacecraft, due to map the moon from polar orbit in 1994, 
will carry four multispectral sensors. The high resolution camera, with an optimum 
resolution of 23 m, has been targeted to all identified pyroclastic deposits on the nearside. It 
will provide multispectral images through filters centered at 415, 560, 650, and 750 nm. 

We analyzed our spectra of individual particles to determine if the three glass types could be 
distinguished using only data from the Clementine filter passbands. To emphasize spectral 
features and minimize albedo differences, reflectivity ratios among several bands were 
compared. Figure 2 shows a plot of 650/560 nm ratios vs. 750/560 nm ratios. This 
presentation was chosen to emphasize differences among the spectral types. 

Figure 2 demonstrates a strong clustering of reflectivity ratios according to particle 
composition. We conclude that Clementine data would be adequate to differentiate among 
deposits of essentially pure orange, black, and green glass. With a resolution of 23 m, the 
Clementine high-resolution sensor could locate such concentrations in larger deposits which 
are heterogeneous at telescope resolution. 

Determining the chemical compositions of pyroclastic glass deposits will significantly aid our 
understanding of lunar volcanism. Similarly, locating the sources of individual glass particles 
in lunar soils will place new constraints on models of regolith development. 

References. (1) Delano, 1986, PLPSC16, D201 (2) Adams et al., 1974, PLSC5, 171 

(3) Heiken et al., 1991, Lunar Sourcebook, p.211 (4) Gaddis et al., 1985, Icarus, 61, 461 

(5) Hawke et al., 1991, PLPSC21, 377 (6) Bradley et al., 1994, this volume (7) Bell et 
al., 1976, PLSC7, 2543 
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Figure 1. Representative spectra of individual Figure 2. Pyroclastic glass particle color 
pyroclastic glass particles -100 nm in diameter ratios using Clementine filter passbands 
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cr R I D n U f T [? N H?cr u UNAR MARE S0,L AND PYROCLASTIC GLASS 

C.C. Allen, Lockheed ESC, Houston, TX R.V. Morris and D.S. McKay, NASA/JSC, Houston, TX 

of a 900 °j l io'Sr 0ran Th 0 ai I d b ' aCk py /° ClaStiC 0lass were reduced in hydrogen gas at temperatures 
°V 9 t ° h °- 110 0 C ; Th ® experiments support studies of regolith maturation, lunar volcanism 

FeO in iimpnS 0 ^? ° n XUe , M ? or1, The most reactive component in the high-Ti soil was 

FeO in ilmenite, which was completely reduced to iron metal at all temperatures. Vitreous 

inSv Ho S 't 'f' ry H t hi llZe Lr d 1 nd was partially reduced to iron metal, pyroxene, and minor olivine 
Inmally devitrified black glass was similarly reduced and converted to iron metal, pyroxene 

and minor olivine. The degree of reaction in both glasses increased with temperature. 

Lunar Samples. Sample 75061 is a high-Ti mare soil which contains Dvroxene 

tho 9 A° C M Se i 7 ^ enite ’ olivine ’ agglutinates, and a trace of glass (1). Sample P 74220 is 
the Apollo 17 orange soil," an essentially pure pyroclastic glass deposit (1). Orange spheres 
w ich comprise the bulk of this sample, are completely glassy. Black spheres are the same 
glass partly recrystallized to olivine, ilmenite, and spinel. 

The samples were educed in a vertical tube furnace, with 
QaiSlc^ 3096 co „ ntmual| y monitored, as in previous tests with lunar simulants (2) All 
samples were run as received." Samples (200-300 mg) were placed into the hot furnace and 
reduced in flowing hydrogen for three hours. The f0 2 was kept below the iron-wOstite buffer. 

YRn Sa HS, e L« nd J hin sections were examined by SEM and EDS. Minerals were identified by 
JSL. HfnSc Ue f r - SpeCtr0 f° P y (FeMS) was used 10 indicate the oxidation states and 
S ^ ^ f ^ ,he glass and minera l phases. The abundances of alpha iron 

metal in the reduced samples were also determined by vibrating sample magnetometry (VSM). 

5552 ?-“£*! h , Lu " ar mar ® soil 75061 was reduced in three experiments at 900- 
1050 C. Sample weights decreased rapidly for the first 20 minutes and then fell more slowlv 

™ ma ' n 7 T- ' he h0l,r ' The ,0,al we '9 ht ranged from 2 . 1 -' 

o.u wt. /o, increasing slightly with increasing temperature. 

re°ease f of h oxvoen ht Thk to reduct |on of ferrous oxide to iron metal, with concomitant 

release of oxygen. This sample contained FeO in several phases, including pyroxene ilmenite 

olivine, and agglutmitic and pyroclastic glass. The VSM data indicated that 47-54% of the 

* 2 jo/ ® ^Srt S n mple W f S redu ° ed t0 alpha iron me,aL This was equivalent to the loss of 
1.9-2.2/o of the starting sample weight as oxygen. The XRD and FeMS spectra (Fig 1) show 

fralL P n° redUCed '° 9amma ' r ° n in eWments above the 

The most reactive phase in this Ti-rich soil was ilmenite. In our experiments the Fe 2+ in 

o^FeMS^nH YRn ' yred “ C8d - No ilm enite remained in these samples, to the detection limit 
of FeMS and XRD. All ilmenite grains examined by SEM showed characteristic phase separation 
and reduction textures (Fig. 2). Other FeO-bearing phases showed much lesl Evidence of 

DMks l ?n n 'ihPc»M < Q 9rainS . ex !“ blled small-scale reduction textures In SEM images. Olivine 
peaks in the FeMS spectra became smaller with increasing temperature Agqlutinitic alass 
underwent partial reduction, with increasing concentrations of iron metal pa? Sefas 
reduction temperature increased from 900 to 1050°C. Minor reduction of pyroxene was 
documented in the 1050°C experiment by SEM and FeMS. pyroxene was 

crushed^lunar alose a 9 reement wi . th <>a\a from previous reduction experiments utilizing 

, t ' l l na ! . basalt &}■ They also provide an extreme "end member" for studies of reduction 
as a cause of lunar soil maturation. 
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REDUCTION OF LUNAR SOIL AND GLASS: Allen C.C. et al. 


_ , Pwrnria«;tic alass 74220 was reduced in four experiments 

Results - Pyroclastic Glass. Pyroclas g minutes and then became more 

W^?J f £3SSa£rZS3&* 

remaining Fe^+ formed gamma iron. 

Orange gtass underwent MH.H *«£« 

T ^ «sr s 

SSr? s«S SrA^er temperatures „«« ~-“"M 

olivine^tolron^pfus 'pyroxene 0 Zl l"ooTsamp,enspheres wh£were tnUiatly crystal 
were almost indistinguishable from those which were initially vitreo . 

pyroclastic glass would be an ideal feedstock for lunar oxygen production (4). 

Reference,. (1) Helken and McKay 1974 «SCR M3® «» M 0 

104, 291 (3) Gibson et al., 1994, submitted JGR (4) Hawk e et ai., luau, ri.ro 

AM?'I ,°'a 
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Figure 1. FeMS spectrum of mare soil 75061, 
reduced at 1050°C 


Figure 2. Ilmenite from mare soil 75061, 
reduced at 1050°C 
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Figure 3. FeMS spectrum of pyroclastic glass 
74220, reduced at 1100°C 


Figure 4. Pyroclastic glass from 74220, 
reduced at 1100°C 
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y CALORIMETRIC THERMOMETRY OF METEORITIC TROILITE: PRELIMINARY 
THERMOMETER RELATIONSHIPS. Judith H. Alltorf, Susan J. Wentworth i, and 
James L. Gooding 2 . 1 C23, Lockheed Engineering and Sciences Co., Houston, TX 77058. 2 SN2, 

NASA/Johnson Space Center, Houston, TX 77058 USA. 

Summary. Thermodynamic properties of the a/p phase transformation in terrestrial 
troilite (FeS), as measured by differential scanning calorimetry (DSC), vary systematically 
with prior thermal history of the troilite, as imposed under laboratory conditions. Both the 
transition temperature and enthalpy change for the a/p transformation decrease with 
increasing maximum temperature of prior heat treatment. DSC measurements on troilite 
from various meteorites indicate clear differences in the a/p thermodynamic properties 
that are consistent with differences in the natural thermal histories of the meteorites. 

Introduction. Our previous work [1,2] established the feasibility of DSC as a technique 
for measuring solid-state phases changes in troilite as possible indicators of troilite thermal 
histories. Here we report new data that confirm the separation of elemental compositions 
from thermal history as influences on DSC data for troilite. In addition, we present new 
evidence that thermal histories can be preserved in troilite samples that are stored at 
temperatures near 300 K. 

Experimental Procedure. Individual samples of terrestrial troilite (from Del Norte 
County, California) were heated under Ar at 10 K/min and to various maximum 
temperatures up to the 1000 K operating limit of our DSC instrument [1,2]. After cooling 
at 10 K/min, each sample was re-heated at 10 K/min, under Ar, to the same maximum 
temperature as before; calorimetric data were collected and calibrated using temperature 
and enthalpy standards. Calibrated DSC analyses were performed on troilite extracted 
from the Mundrabilla (octahedrite) and 
PAT91501 (L7 chondrite) meteorites; DSC 
analyses were also made for bulk silicate 
powder of EET83213 (L3 chondrite). 

After heating, representative troilite 
samples were prepared as polished grain 
mounts and subjected to elemental analysis 
by electron microprobe. 

Results and Interpretations. Troilite 
exhibits two solid-state phase transitions 
[1,2] but preliminary parameterization of 
data is based only on the stronger of the 
two, namely, the a/p transformation. 

Results for Del Norte clearly show 
systematic changes in the a/p 
transformation as a function of previous 
thermal history. Both the temperature and 
enthalpy change of the a/p transformation 
vary inversely with maximum temperature 
of prior heating (Fig. 1). 

To test survivability of the a/p 
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Figure L Thermometer relationship, based on thca/p 
phase transformation, determined for artificially heated 
samples of Del Norte troilite. The three-digit number 
by each point indicates the Kelvin temperature 
experienced during prior heat treatment of the sample. 
The cluster of points labelled "300 H indicates scatter 
measured for replicate samples of the natural 

"memory" of thermal history, we analyzed a ST2 ^ de , pi< V “T? of 

u f * /■ . samples that were analyzed within a few days of heat 

O te sar ?p| e that had been Stored m air treatment; the open circle represents a sample analyzed 
at about 300 K for more than one year more than one year after heat treatment. 
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Calorimetric Thermometry of Meteoritic Troilite: Allton J. H. et al. 

after it was artificially heated to 993 K. As shown in Fig. 1, the thermodynamic properties 
measured for the a/p transformation of previously heated troilite were essentially the same 
for a sample analyzed 375 days after heating compared with a separate sample analyzed 
only 6 days after heating to the same maximum temperature. Although a one-year baseline 
cannot be claimed as significant on the cosmic timescale, it at least demonstrates that 
troilite thermal memory does not rapidly degrade under mild storage conditions. 

Results for meteoritic troilite show appreciable scatter for a given meteorite but, 
nonetheless, indicate systematic differences among individual meteorites (Fig. 2). 
Dissolved impurities might be expected to depress the temperatures and enthalpies of first- 
order phases changes, but the systematic differences in the troilite a/p transformations are 
not attributable simply to compositional differences. If trace elements controlled the a/p 
transformation, PAT91501 troilite, which is lowest in trace elements (Table 1), should 
probably not possess properties intermediate between those of Mundrabilla and Del Norte 
(Fig. 2). The Del Norte and Mundrabilla samples contain similar levels of trace elements 
(Table 1) but exhibit substantially different properties for the a/p transformation. 
Although trace-element chemistry 
probably plays a minor role, the 
systematic differences among the 
meteoritic troilites probably reflect 
separate, distinctive thermal histories. 

Application of the preliminary Del 
Norte "thermometer" (Fig. 1) to the 
meteorite data (Fig. 2) suggests a trend 
of maximum planetary temperatures 
that decrease from Mundrabilla to 
PAT91501 to EET83213, which is 
qualitatively consistent with petrology. 

Iron meteorites probably cooled from 
1800 K [3] but chondrites probably 
accreted at < 1000 K [4]. After further 
calibration, including possible effects of Figure 2, 
heating/cooling rates, more precise 
calorimetric thermometry of meteoritic 
troilite should become possible. 
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_ Thermodynamic properties of the a/P phase 

transformation in natural (not previously heated) troilite 
from various meteorites compared with the laboratory 
thermometer relationship determined for terrestrial troilite 
(Fig. 1). Each point represents the average result for the 
number of replicate samples shown in parentheses; error 
bars indicate one standard deviation of the mean. Results 
for EET83213, based on bulk samples of the meteorite, plot 
systematically low on the y-axis as a consequence of 
incomplete corrections for matrix effects. 

Table 1. Trace-element compositions of troilite 
determined by electron microprobe 
_ fwt. %: 10-grain avg. ± 1 std. dev.) 


Ni 


Cr 


Mn 


Del Norte 

Mundrabilla 

PAT91501 


0.41 ± 0.17 
0.04 ± 0.03 
0.10 ± 0.04 


0.01 ± 0.01 
0.52 ± 0.27 
0.06 ± 0.04 


0.01 ± 0.01 
0.07 ± 0.04 
0.02 ± 0.01 
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N '» °*> Si '> AND Ti-ISOTOPIC RATIOS OF LOW DFNSTTV 
??t INS FR °^ MURCHISON INDICATE A SUPERNOVA ORIGIN- 

fnH h th k0 pt man W EmSt Zinner and Roy S ' Lewis 2 > McDonnell Center for the Space Sciences 
and the Physics Department, Washington University, One Brookings Dr., St. Louis, MO 63130 

Ennco Fermi Institute, University of Chicago, 5630 Ellis Ave., Chicago IL 60637 

Interstellar graphite grains larger than 3 pm and with densities 1.57-2.12 g/cm 3 have 
extremely large ^ 8 0/ 16 O ratios, ranging up to lOOx solar. These excesses, together 8 with large 
variations in the Si-isotopic ratios and 49 Ti excesses, suggest a supernova origin for these grains 8 
Interstellar graphite from the Murchison CM2 meteorite has shown a bewildering variety of 
isotopic compositions in C, N, O, Mg, Si and the noble gases, indicating that it original from 
r^ PCS ° f ste } lar sources [1.2]. One problem with identifying particular stellar sources is 
mat’^ unll J.y nt ® rstellar SlC > graphite generally has low concentrations of other elements which 
single 5 gr^s^Wxrt 1 r P ° SSlble tomak ® correlated isoto P ic measurements of several elements in 

“* gmn X °e fl0W density ’ which have W gher trace dement contents 
hus offer the chance to measure O, Si and Mg isotopes in addition to those of C and N [3 41 

Murctoon^Darate KE3 'a 57 2 ™ ea ? ure f eMS ° f 9 N ’ °' Mg and Si in individual 
Murcnison separate KE3 (1.57-2.12 g/cm 3 ; nominal grain size > 3 pm). Of the grains found in 

i^QH^n S f leCted round grains for 1S0t °P e analyses by ion microprobe spectrometry. In a few 
unusually large grains we succeeded in also analyzing Ca and Ti isotopes. 

. t • T !f u" and N ' 1S0t0 P ic compositions of 47 grains are shown in Fig. 1. Most grains have 
t0 C, and heavy norma] N. Si-isolopes were measured in46 grains 
and3o5f” h f atl0maheS outslde ° f 2a errors ( Fi g- 2). While most grains have deficits in 29 Si 

, a d S h ’ a fnoi? aVe excesses ln 29Sl and two grains excesses in both 29 Si and 30 Si which are 
larger Uian 400 %c in grain 563. We determined I6 o/I« 0 ratios in 40 grains (Fig 3) 26 of them 

UP t0 ^n°L m mUCh larger 180 «— Previously 
observed [4,5] We also measured l6 0 /n 0 ratios in 23 g ra ins; they are normal with the 

sometimes fairly large errors. However, it is clear that, if anomalies in the 16 0 /17 0 ratio exist 

! hose m 0/18 9„ There is a rough correlation between the ^o/ISq 

and 15 m n/,o C ; gr3 1 ,nS 0 excesses have the tendency to be enriched in 12 C 

Sai/2*a g / X 38 grainS , a ! ialyzed for M g' A1, 27 have large 26 Mg excesses with inferred 

^ h ra ^ S / anging U P t0 015 ( Fi g- 4). While 25 Mg /24 M g ratios are usually normal three 

errors! ^Of this 8 eXCCSSeS: f° 22: 654 * 250%c ’ #157: 1585 ± 602%,; #753: 562 ± 111%, (2a 

1720+977% gramS m Z 1C £ We measured Ca Md Ti - all have 49 Ti excesses, ranging up to 

excSf « g [ ain dH' ; Grain 6 4 o\ the grain With the largest 12c/13c ratio and largfst 180 

42<H132%, 12aHn 42r^ffln!i 0 43r & ° f 862±90%o ’ excesse s of 175±72%, and 

similarity in thei/c N si r ’ respectively. The low density graphite grains show a 
similarity in their C, N, Si and Ti isotopic compositions to SiC grains of tvDe X for which a 

supernova ongm has been invoked [6], The case for a SN origin of the graphite g7ilns is 
strengthened by the large 18 0 excesses observed in these grains. While Wolf-Rayefstars can have 
of mwMh 11611 ? 1 ’ their surface during the WN-WC transition, it appears doubtful that 18 0 excess 

lfiSub ratio of 5 in T h Vl M f SiV6 Pr6 ' SN StarS ’ 0n the other hand have a 

u/ u ratio of ~5 m the He-burmng zone, the only layer with C/0>1 [81 This ratio is 

comparable to the smallest ratios observed in the carbon grains of this study 
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LITHOSPHERIC CONTROLS ON THE FORMATION OF VALLES MARINERIS. F. Scott 
Anderson and Robert E. Grimm, Department of Geology, Arizona State University, Tempe, AZ 85287-1404. 

Introduction. Rifting hypotheses for Valles Marineris are based upon the idea that tectonic tensional stresses, 
most likely associated with the formation of Tharsis, opened the troughs [1]. On Earth, variations in crustal 
thickness and composition, heat flow, and extension rate are known to control rift style [2-4], As the first of several 
quantitative studies of Valles Marineris, we adopt a simple one-dimensional model [4] to test the hypothesis that 
reasonable values of these parameters alone can account for the general morphology and timing of the rift 

Model. The ID model calculates the change in vertically integrated strength of the lithosphere after a 
proscribed extensional strain, including time-dependent thermal advection and conduction. The strength of the 
lithosphere is assumed to be controlled by frictional sliding near the surface and by ductile creep at depth. The latter 
is sensitive to temperature, composition, and strain rate, whereas the former largely depends only on gravity. Rifts 
where extension is rapid and vertical advection of heat dominates over conduction are weakened due to uplifted 
isotherms, resulting in a localized runaway of deformation. Such deformation is characteristic of the "narrow mode" 
of rifting like the Rio Grande or slightly more complex, anastamosing structures like East Africa. Rifts where 
extension is slow are strengthened due to the replacement of weak crust by strong mantle at quasi-steady-state 
temperatures. It is assumed that it is then easier for deformation to move outwards rather than continue in the same 
location, where the entire process repeats. Such broad lateral sequences of rifts are termed the "wide" mode and are 
typified by the northern Basin and Range. "Core-complex mode", which is characteristic of parts of the southern 
Basin and Range, is predicted for narrow rifts in which temperatures are high enough to result in flow of the lower 
crust [4], 

Application to Mars. A range of strain rate, heat flux, and crustal thicknesses values were tested. A 
minimum strain rate may be computed from the minimum estimated strain and the maximum estimated formation 
interval. A minimum strain rate of ~4xl0' 18 s' 1 follows from the two-billion-year formation interval of Valles 
Marineris [1] and a final strain of .25, typical of the strains in individual troughs such as Ius and Tithonium. A 
minimum extension rate of -10 3 cm/yr follows for an extending region 100 km wide. Parameterized convection 
models for the global thermal evolution of Mars [5] predict that heat flux varied considerably over the period of 
Chasmata formation (30-100 mW/m 2 ), and indirect mapping of lithospheric thickness around the planet suggests 
that strong regional variations in heat flux were present [6]. The regional crustal thidmess around Valles Marineris 
is taken to be 40-60 km [7], The lithosphere was assumed to be composed of a diabase crust [8] overlying a dunite 
upper mantle [9]. 

Different combinations of these parameters will uniquely determine the rift style, but the exact mode for Valles 
Marineris is unclear. The morphology of Valles Marineris is least similar to that of a core complex. Perhaps the 
most intuitive choice is a narrow rift, due to the great length of the Ius-Melas-Coprates string of canyons. However, 
the possibility that Valles Marineris is a wide rift should not be ruled out, as two to possibly five incipient parallel 
troughs are present. These arguments suggest that Valles Marineris is one of three possible cases: (i) A narrow 
rift, (ii) An incipient wide rift that stopped extending shortly after formation, (iii) A rift that is on the narrow-wide 
rift boundary. Solutions that exclude the core complex mode alone provide significant constraints without 
discriminating between wide and narrow rift modes. 

Results. Figure 1 shows the calculations for Valles Marineris as functions of crustal thickness H and heat 
flux Q (cf. Fig. 12 in [4]). Positive values for the change in vertically integrated strength, representing wide rifting, 
are contoured for different values of extension rate v* . The contours may be interpreted as the maximum rifting 
velocity allowable at a given Q and H to achieve wide rifting. It is important to note that wide rifting cannot occur 
in this model without a ductile lower crust; therefore wide rifting is easier on Earth than on Mars because of the 
more felsic composition and greater radioactive heat generation in terrestrial continental crust. However, the slow 
extension rates likely for Mars partially offset this. The transition to core complex from wide rift is clear where the 
strength difference changes from positive to negative, but the direct transition from narrow rift is implied from the 
inflection of the strength difference curve, which, for the case v* = 0.01, is shown as a dashed line in Fig. 1. 
Similar extensions of other v* may be inferred. 

Rejection of the core complex mode alone for Valles Marineris constrains the heat flux and crustal thickness to 
lie within QH < 3000 mW/m 2 -km for v* = 0.01 cm/yr; this agrees well with the expected ranges of Q and H. For 
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higher v*, the direct transition from narrow to core complex mode lies approximately along the axis of the curves 
and is only slightly more restrictive. Taken together, Q < 80 mW/m 2 at the time of rifting. If Valles Marineris is 
interpreted as an aborted wide rift, then Q lies in the range 30-80 mW/m 2 for v* = 0.01 cm/yr; if it is a narrow rift, 
then Q <40 mW/m 2 . A higher extension rate of 0.1 cm/yr restricts the wide rift mode to close to 60 mW/m 2 and 
the narrow rift mode to less than this value. Wide rifting at rates characteristic of terrestrial extension, £ 1 cm/yr, 
are completely ruled out. 

Concluding Discussion. The ID extension model confirms that narrow rifts can be produced on Mars at 
the expected range of heat flow and crustal thickness and composition appropriate for the time of canyon formation; 
in particular, Q < 60-80 mW/m 2 . However, wide rifts are more difficult to initiate, and are restricted to extension 
rates <0.1 cm/yr. 

This work provides the foundation to address three principal outstanding questions for Valles Marineris: (1) 
Why are the canyons so deep? (2) What was the nature of lithospheric weakness (aquifers, pre-existing structures) 
that localized extension within a presumably more homogeneous regional stress field? (3) Did the rift propagate 
with time, as suggested by the inability of the best stress models to extend at both ends of the canyon system 
simultaneously [10]? Finite-element modeling in both section and plan view will provide sufficient flexibility to 
answer these questions. 

References [1] B.K. Luchitta et al, in Mars (eds. H. Kieffer, B. Jakosky, C. Snyder, and M. Matthews), Ch. 
14, Univ. of Ariz. Press, 1992; [2] N. Kusznir and R. Park, Spec. Pub. Geol. Soc. Lond., 28, 35, 1987; [3] P. 
England, JGR, 88, 1145, 1983; [4] W.R. Buck, JGR, 96, 20161,1991; [5] G. Schubert et al, in Mars (op. cit), Ch 
5; [6] S. Solomon and J. Head, JGR 95, 11073, 1990; [7] G. Balmino et al., JGR, 87, 9735, 1982; [8] Y. 
Caristan, JGR, 87, 6781, 1982; [9] P. Chopra and M. Paterson, Tectonophys., 78, 543, 1981; [10] W. Banerdt et 
al., JGR, 87, 9723, 1982. 



Figure 1. Rift mode on Mars. Expected range of heat flow (30-100 mW/m 2 ) and crustal thickness (40-60 km) 
agree with either narrow or wide mode but not core complex. Wide rifting further requires v* <0.1 cm/yr. 
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BUNTE BRECCIA-LIKE DEPOSITS WITHIN THE MANSON IMPACT STRUCTURE flOWAl- 
EVIDENCE FOR IMPACT INTO A SHALLOW MARINE ENVmONMENT? 0 

ANDERSON, Raymond R. and WITZKE, Brian J.. Iowa D.N.R. Geological Survey 
Bureau, 109 Trowbridge Hall, Iowa Ciiy, Iowa 52242-1319. 

Ongoing study of 12 research cores recovered from the Manson Impact Structure (MIS) In 
math-cortral Iowa has advanced our understanding of the largest intact impact structure In 
the U.S and one of the best preserved complex craters In the world. Of the Impact rocks 
encountered in the cores, one of the most enigmatic is the Phanerozoic Clast Breccia (PCB) 

of^hp r MA° nS Tl! d prn? 0lymIC J breccIa 11131 ls P reseiv ed as the upper impact unit in all areas 
f S matrlx . 8u PP°rte<i breccia with clasts ranging In size from Iran to In 

excess of 100 m. Clasts are dominated by Cretaceous marine rocks, with subordinate 
Paleozoic carbonate-dominated sedimentary rock clasts, minor clasts of Proterozoic Red 
Clastics, and very rare clasts of Proterozoic crystalline rocks and Impact meltrock. The 
abundance of each clast lithology is inversely related to Its pre-impact depth of burial. Parallel 
deformation features and other indicators of a hypervelocity impact are very rare in these 
clasts. The matrix is a light gray, calcareous, sandy, silty shale that contains scattered to 
common Cretaceous Foraminifera in some samples. PCB clast composition varies within the 
MIS. especially near its base, reflecting lithologies In underlying breccia units. The PCB Is 
compositionally similar to the Bunte Breccia described from the Ries Crater (Germany) [1,2]. 
Ries Bunte Breccia is a polymict breccia composed of clastic material derived from all 
stratigraphic horizons of the target, however "the frequency of (clasts from) a given target 
horizon Is inversely proportional to its pre-impact position in the Ries target" [1, p. 42]. It is 
interpreted as a mixture of proximal impact ejecta and material excavated by secondary 
cratering processes, mobilized and emplaced by turbulent debris surge. At the Ries Crater 
Bunte Breccia is found only in the area immediately outside the crater rim. At Manson ali 
Impact materials not structurally preserved within the crater have been removed by post¬ 
impact erosion. However, unlike Ries Bunte Breccia, the PCB Is found inside the crater 
recovered In cores from the Terrace Terrane, the Crater Moat, and even in the Central Peak Pit’ 
f?°S hlC examination of all drill cores and most available cutting samples collected 
during the drilling of water wells within the MIS show the PCB to be preserved as the 
uppermost impact-related unit in most areas of the crater (Figure 1). Manson PCB appears to 

Tfi? 1 IT 8 ® ° riglna,ly de P° slted outside the MIS. but subsequently remobilized 
and transported into the crater as debris flows. The PCB was transported back into the 

Manson crater with sufficient energy to cany it for at least 17 km, across the Terrace Terrane, 

to^fth° 0 r ° f ^1 n Ta !f r ^° at (ab ° Ut 2 1011 below 1116 crater ri" 1 )* and up at least 2 km to the 
top of the Central Peak, where it is preserved in the Central Peak depression. 

/toother clastic unit similar to the PCB was reported in the Chesapeake Bay Impact Crater [3]. 
The Chesapeake Bay Crater is thought to have been formed by an impact into a thick 
sequence of unconsolidated sediment overlain by about 200-500 m of sea water. The PCB-like 
unit, informally called the Exmore boulder bed or Exmore breccia, was interpreted as a Bunte 
Breccia-like material that was originally deposited outside the crater, but was swept back into 
the crater by the return of water displaced by the impact (Powars, 1994, pers. comm.). Like 
the Exmore breccia, a likely mechanism for driving the PCB debris flows into the Manson 
Crater is water surging back into the crater following an impact into a shallow-marine 
environment Stratigraphic investigations and paleogeographic reconstructions suggest that 
the Late Cretaceous Pierre Seaway had regressed out of Iowa and its eastern margin lay in 

“I 3 i? 3, ** 386 recentl y suggested for the Manson Impacted 
proposed ejecta blanket in the Crow Creek Mbr of the Pierre Shale Fm [4]. The probable 
departure of the seas from the Iowa area at that time (demonstrated by the subaerial 
se Par at -iug the Claggett and Bearpaw marine cycles) and the evidence suggesting 

w 3ter WaS formed m a marine environment, raise questions concerning the 
73 Ma age for the Manson impact. * 
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Fvldenee for marine conditions at the time of the Manson Impact does not necessarily 
S^lude a K-T boundary age. Although most previous Late Cretaceous paleogeographic 
reconstructions suggest that the sea had regressed from the Midcontinent prior to the K 

r eastward eroslonal truncation of upper-most Cretaceous strata across North 
SS Dakota has removed direct evidence of eastern sedimentation. Howler, two Unes 
of evidence are suggestive that a seaway remained along the eastern margin of the Weste 

strata of the Hell Creek-Ludlow Ftns progressively thin eastward 
between Maastrichtian-Paleocene units (the thinning trend extrapolates a K 

shoreline position in the eastern Dakotas). 

2) Marine-related fish occurrences In upper-most Maastrichtian channels of the He 
Creek Fm provide Indirect evidence that a seaway persisted across parts of the 

It appeShM^Oiatth^e^m^'erlved clastic wedge (Hell Creek Fm) had not advanced Into 
the^caatMn Dakotas or western Iowa at K-T time, leaving open the possIbU ty tha t a K-T 
taJctmThc Manson area would have occurred In a shallow marine setting. Kostmtfcraphte 
anj 3 depositlonal studies of Cretaceous rocks In the Manson Structure are needed t 
determine the timing and environmental setting of the impact, and to Independen y ev ua 
significant discrepencies between published radiometric dates from Manson (65 vs 73 Ma). 


Terrace Terrane 



Cores Examined 

O PCB present 

O no PCB 
MS core number 

Cuttings Examined 

O PCB present 

O no PCB 


10 km 


Figure 1. Location of Phanerozoic Clast Breccia (PCB) as Identified 
by petrographic analysis 
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SURFACE CHARACTERISTICS OF STEEP-SIDED DOMES ON VENUS AND 
TERRESTRIAL SILICIC DOMES: A COMPARISON Steven W. Anderson, Black Hills State 
University, Spearfish SD 57799-9102, David A. Crown, Department of Geology and Planetary Science, 
University of Pittsburgh, Pittsburgh, PA 15260, Jeffrey J. Plaut and Ellen R. Stofan, Jet Propulsion 
Laboratory, California Institute of Technology, 4800 Oak Grove Drive, Pasadena, CA 91109 

A silicic composition for steep-sided Venusian domes has recently been proposed on the basis of 
similarities in thickness, planform, and gross topographic profile to terrestrial rhyolitic and dacitic domes 
[1-4]. However, there are significant morphologic, volcanologic, and remote sensing characteristics that 
do not support direct comparison. For example, domes on Venus lack typically observed structures and 
morphological units, are an order of magnitude or more larger in volume and have smoother surfaces than 
terrestrial silicic lava domes [5-7]. 

In order to evaluate the validity of the silicic model for Venusian domes, we measured and 
analyzed topographic profiles, boulder-size distributions, and structural elements present on the surfaces 
of recent rhyolitic and dacitic domes in the western United States. These data show that steep-sided 
domes on Venus lack the progression in surface morphologies, characteristic large block size, and 
topographic variability found on terrestrial dome surfaces. Our study suggests that these discrepancies 
preclude direct comparison of domes on Venus and Earth, and that a re-evaluation of the silicic model for 
the origin of Venusian domes is required. 

Lava domes at the Medicine Lake Highland Volcano and Long Valley Caldera 

Our study concentrates on two large eruptive centers in the western United States. The Medicine 
Lake Highland volcano in northern California contains several rhyolitic and dacitic lava domes, with 
volumes ranging from <3000 m 3 to >1 km 3 [8,9]. The largest of these domes. Glass Mountain, shows a 
progression from early dacitic to late rhyolitic compositions. Many of the domes have little or no 
vegetation present on their surfaces and have been emplaced within the past 10000 years [9]. The Inyo 
dome chain in eastern California consists of 5 rhyolitic domes erupted along an en echelon dike [10]. 
Three of these domes, Obsidian, Deadman, and Glass Creek, were erupted 550-650 years ago [11]. The 
domes vary in volume from approximately 0.04 km 3 to 0.3 km 3 [ 11,12]. Anderson and Fink [8] calculated 
effusion rates ranging from 0.03 to 106 m 3 /s for rhyolitic domes in these two areas. 

Surface Morphologies and Structures on Terrestrial Silicic Domes 

Surface morphology maps of lava domes at Medicine Lake and Inyo have been compiled from 
aerial photographs as a basis for comparison to Venusian domes and for later field characterization. We 
have mapped four distinct morphologies consistently present on the various domes. Vent regions are 
characterized by high relief (>10 meters), the presence of fractures, and divergence of flow paths. Vent 
regions may also contain one or more crease structures, fractures indicative of spreading [8], Ridged 
areas are characterized by regularly-spaced compressional ridges, with wavelengths between 10 and 15 
meters and amplitudes of 1 to 5 meters. Small crease structures (1-10 meters in length) are typically 
present on ridge crests, with axial valleys oriented parallel to the direction of maximum compression [8]. 
Jumbled regions have more subdued topography and lack the characteristic structures present in vent 
regions and ridged areas [6]. Jumbled areas appear to represent a transitional zone between vent and 
ridged areas. Flow fronts on silicic domes typically have tens of meters of relief. They are commonly 
steeper than the angle of repose, owing to numerous, nearly vertical cliff faces. Most domes show a 
spatial progression of morphologies from vent regions in dome interiors, to jumbled regions, to ridged 
areas, to flow fronts, although the aerial extent of the various units may vary between domes. 

Silicic lava domes exhibit three main surface lava textures. Finely vesicular pumice (FVP) is 
a carapace-forming unit that may occur in all of the morphologic units. The thickness of the FVP unit 
varies from 1-20 m, and is formed by vesiculation of the lava flow surface during eruption [12-14]. 
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Coarsely vesicular pumice (CVP) is a volatile-rich layer of magma from the flow interior that may rise 
buoyantly to the surface in the form of diapirs [12,13]. The CVP unit forms as volatiles released during 
crystallization concentrate beneath the flow’s cooled crust [12,13]. CVP is rarely found in the vent or 
jumbled regions, but is common in ridged areas and flow fronts. Dense obsidian is found in minor 
amounts on the flow surface and at flow fronts, and is commonly associated with CVP. Obsidian forms 
in the interior of the lava flow at depths where the weight of overburden prevents the vesiculation of 
magma, and is typically sandwiched between FVP and CVP units [12,13]. 

We have further characterized the vent, jumbled, and ridged morphologic units on the basis of 
their topographic profiles (measurements made at 25 cm intervals) and boulder-size distributions. We 
measured ~25 meter orthogonal transects at 19 different vent, jumbled, and ridged areas on silicic lava 
flows at Inyo and Medicine Lake Highland. Calculated RMS heights and average boulder sizes range 
from 30-82 and 30-82 cm respectively in vent regions, 30-56 and 27-71 cm in jumbled regions, and 43- 
187 and 18-36 cm in ridged areas. We consider RMS height and boulder-size measurements in vent 
regions to be minimum values, as many vent features are larger than the scale of the transects. The RMS 
height calculations confirm interpretations from aerial photographs that jumbled areas have the most 
subdued topography. Boulder-size measurements from Obsidian dome show a decrease in average boulder 
size with distance from the vent, suggesting that large features produced in the vent region become 
progressively degraded during surface flow, due to increased fracturing during cooling and transport. 

Surface Characteristics of Steep-sided Venusian Domes 

Preliminary analysis of the geologic characteristics of steep-sided Venusian domes using Magellan 
SAR images and altimetry data indicates that domes are typically characterized by smooth surfaces, pits, 
and radial, concentric and polygonal fractures [5]. Domes are circular to highly irregular in plan view 
with generally steep margins. Typically, domes are flat-topped or concave, but variations in relief on the 
upper surfaces are common. Two types of pits are observed: 1) centrally located collapse pits that may 
have concentric fractures, and 2) pits with prominent raised rims that are randomly located on dome 
surfaces and are most likely indicative of secondary eruptions. 

Many aspects of Venusian dome morphology do not directly support comparisons with terrestrial 
silicic domes. For example, domes in southern Guinevere Planitia are generally comparable in radar 
roughness to their surroundings, whereas the surfaces of silicic domes on Earth are extremely rough [5,7]. 
Venusian domes are also directly associated with volcanic vents from which thin, lobate flows of similar 
morphology to terrestrial basaltic flows emanate. The domes also occur in groups with low shields, which 
are interpreted to be due to basaltic volcanism. Thin, lobate flows appear to originate from some domes, 
a relationship not observed at terrestrial silicic domes. 

Conclusions 

These results show that Venusian and terrestrial silicic domes have significantly different surface 
morphologies. Surface morphologies at silicic domes in the Inyo chain and at the Medicine Lake 
Highland volcano appear to exhibit complex relationships between cooling, fracturing and flow. Our study 
questions direct comparisons between terrestrial and Venusian domes based simply on morphology, and 
suggests that the silicic model for Venusian domes can only be validated through analysis of the 
relationships between morphology and emplacement mechanisms. 
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379. [7] Plaut, J.J., et al., (1994) this volume. [8] Anderson, S.W., and Fink, J.H. (1992) Geol. Soc. Am. Bull., 104, 615-625. [9] Donnely-Nolan, 
J.M. (1988) J. Geophys. Res., 93, 4412-4420. [10] Fink, J.H. (1985) /. Geophys. Res., 90, 11127-11133. [11] Sampson, D.E. (1987) Geol. Soc. 
Am. Spec. Pap., 212, 89-102. [12] Fink, J.H., and Manley, C.R. (1987) Geol. Soc. Am. Spec. Pap., 212, 77-88. [13] Fink, J.H. (1984) Geol Soc. 
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^ THE SCHILLER-SCHICKARD, MARE HUMORUM AND WESTERN 
OCEANUS PROCELLARUM AREAS: STUDIES USING DARK-HALO CRATERS: 

Irene Antonenko and James W. Head, Dept. Geol. Sci., Brown Univ., Providence, RI02912 USA 

number of dark halo craters were identified in the Schiller-Schickard area, a known crvptomare 
Stoustical cons.derat.ons of these DHC's indicate that deposit thicknesses overlying the ciyptomaria 

fou^dS^atoufl 4 km To TT Cr yP tomare thicknesses ^Schiller-Schickard were 

tound to be about 1_4 km, and NW of Humorum about 1.0-1.2 km, values comparable to other known maria 

Simikr approaches for adjacent regions west of Procellarum show evidence for patchy cryptomaria there. 

materi^lfr W.?^nn d % C . rate a S (D . HC) evidence for ^ Presence of cryptomaria underlying highlands 
matenal ( 1 ). Spectroscopy ( 2 ) and multispectral imaging (3) permit the confident identification of mare components 

Sc^torKno^ e H? a f- ^ f* and gCOme,r y of DHCs offers clu ^ to the three-dimensionaJ geometry S 
ryptomaria deposits and the deposits that overly them. Here we examine three areas using DHCs as such a tool 

“ a size ran g e ^ P^uce a dark halo in the cryptomaria area. Small crateS St do Sf 
penetrate to the cryptomare will not produce a dark halo; large craters penetrating through the cryptomare to the 

observed DHCs^hoidTdef n * 1 , havc f h !« hland e* 6 * which obscures the daik halo signature. The smallest 

observed DHCs should define the top of the cryptomare, and therefore the thickness of the overlying eiecta while the 

gest observed DHCs should define the bottom. Thus, the thickness of the cryptomare can be otained from the 
difference between the depth of the mare base and the thickness of the overlying ejecta. 

km SF of Tw ® nty ' seven DHCs have been found in this region, located approximately 1400 

Orienmte ivSfff T dl ^ tn buted somewhat evenly, ranging in distance 1000-1900 km from the center of 
Onentale. Depths of excavation for the 27 craters were estimated from their diameter, using Pike's deoth/diameter 

CVdnmThi 4 hi ™ 6 mimm T T pt i S ' so emulated, plotted as a function of distance from Orientale (Fig 1 ) 
Column heights represent the thickness of the overlying deposit (interpreted to be the Orientale ejecta unit) as 
determined from the size of the smallest DHC in each 100 km distance interval. These results are compared to 
theoretical ejecta decay models for an Orientale diameter of 900 km ( 6 , 5 ), and of 620 km ( 6 ). The data are generally 

ejecta' Craters farfromOrieSS *** ? rientaIe md 0,118 su PP° rt an Orientale source for the 

fSc,nT ; i °,7 entale dev,ate from predicted values and this may be the result of the paucity of DHCs at 
this distance, i.e., the smallest craters obvserved are not necessarily the smallest craters possible. P Y 

rpnrAc2T,h mare estimates can be Pitted as a function of distance from Orientale (Fig. 2). Column heights 

represent the maximum depths minus the minimum depths for each 100 km distance interval If a distance interval 

SS "SLIZmIT diicknoss determined by d.iathniquSteSlo 

(£try from about 1000-2000 m, with the average being approximately 1.4 km. This is a typical thickness for marc 

r N °a*\?/ More Humorum Area: This region is located just north and NE of Humorum near the crater 

SSS S 1 aST 1 ^T ef0US ?? C | V nlhiS 3163 (Flg ' mosd y south of Procellarum, over an area of 

hT!!^ 200 ’^ 0 ,^ 2 ’ ab ° Ut 3 / 4 0,0 Slze of 016 Schiller-Schickard cryptomaria. This information further supports the 
hypothesis that this area is the site of a cryptomare deposit (9-1 l).We have used the major craters identifiedTxxtrallv 
(9,10) as containing mare components to make preliminary estimates of deposit thicknesses One DHC Gassendi y 

taTESE ? T Ve P r h i ghl T d debriS exp0Sed in the centra] part of theater floor.Sw iSSSSlm 
*f d P enetrat fd to the pre-mare substrate (10). Application of Pike’s equations (4) to the diameter of this 
crater yield s a depM depd, Ktimate of 1540 m. If die overlying „„i, is Oriemale ejecla and ii S,ick„«Tis 

to*low n, * rSi^Jr ' 1 ^ 00 in lhe “nU«-Schickard area, dien we estimate the cryptomare 
JSlTr k, o!5f° a i Gassendl G - Examination of a DHC near Gassendi G suggests penetration into mare at 
depths of about 300 m, indicating a local cryptomare thickness of about 1240 m 

West of OceanusProcellarum Area: Three DHCs are located west of Oceanus Procellarum fFie 31 anf i 
isolated occurrences, rather than in clusters seen in Schiller-Schickard and NW of Humorum We 
are investigating two hypotheses for this distribution: 1 ) The sparsity of DHCs may be due to the fact that this area 
is much closer to Onentale, the ejecta should be thicker, and only a few large craters will abte to mnetmS 
cryptomare surface 2 ) The cryptomaria exposed by the DHCs are small, disconnected, and widespri? mS^iCal 

mi,t. P S. d,Smb T, n ,° f m " e P° nds in lhis 02-14). On the basis of our incrallSySdTfraSof 
ronrfoS u smg 1 Galileo multispectral image data, we presently favor the latter hypothesis*^ 

* n ,„h ! \ ° ng0 ‘ ng anal y ses confirm earlier studies suggesung the presence of cryptomaria in the 

SkS ^dTSe«TfT Pr ° i‘ de additJ ° na ' eVidenCe f ° r ^ widespread nalu re, their configuration L deposit 
cif»nifi^’ t a ^ d the * T of overI y in g units. Mare volcanism is shown to be an areally and volumetricallv P 
s gnificant process m this area prior to the Orientale basin-forming event -3.84 b y ago a process of ootentfaliv 
comparable significance to that occurring in post-Orientale limes. 8 P Potenually 
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')'• •“■SrS&fgS WStat?m\^%t^^TEp 2 sLfo: 

Z\m$T££v ?*'l PLPSC 12, 181.1981. 7) R. Dehon>mC 70.2935 1979. » J. . «*( 

inoo q\ p t nrpu pt nl PLPSC 21 391 1991. 10) B. Hawke et al, GRL, 20, 419, 

Planets , 26, 61, 1982. 9) P. Lucey et at., ri^r^, , * n no itic^ 1Q93 13^ L 

Mustard et al, LPSC 23, 957, 1992.; ibid., this volume. 12) R. Greeley et al, JGR, 98, 17183, 99 . ) 

Gaddis and J. Head, LPSC 12, 321,1981. 14) A. Yingst and J. Head, this volume. 



Fig. 1. Estimation of unit thickness overlying cryptomaria. 



Fig. 2. Estimation of cryptomare thickness from 
DHC excavation geometry. 



Fig. 3 Sketch map showing the location of DHCs 
in the area W of Humorum and W of Procellarum. 
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COMPUTER SIMULATION OF LOW PRESSURE MELTING IN METEORITIC 
IGNEOUS SYSTEMS. Alexei A. Ariskin and Mikhail I. Petaev, Vernadsky Institute of 
Geochemistry and Analytical Chemistry, Russian Academy of Sciences, Kosygin St.-19, 
Moscow 117975, Russia, and Harvard-Smithsonian Center for Astrophysics, 60 Garden st., 
Cambridge, MA 02138 

Abstract. [1,2] demonstrated use of the LUNAMAG program in simulating the effect of extremely low 
oxygen fugacities on mineral-melt boundaries in achondritic systems. Herein we describe and test an 
extension of LUNAMAG, the Meteorite Melting Model (MMM), which is better suited for the accurate 
calculation of low pressure equilibrium melting in high-Mg systems. Both programs determine phase 
compositions and temperature, for specified values of oxygen fugacity and degree of melting (5-100%) 
[3]. LUNAMAG and MMM are based on sets of empirically fitted expressions that describe mineral-melt 
equilibria for major elements as a function of temperature and liquid composition. Special subroutines to 
simulate the precipitation of metallic iron phase and trace element partitioning are also provided [1,3]. 
Basis for the Model. The empirical basis for MMM is a library of 1-atm melting experiments that have 
been carried out on natural samples, ranging from komatiites and norites through basalts to andesites, 
including low-alkali compositions (Na20+K20< 5%). We selected only the most reliable experiments, 
those with run durations >48 hours in the 1100 o -1500°C temperature range. To assemble the data we 
used the latest version of the INFOREX-2.1 (1993) database, which was developed to archive 
experimental information on phase equilibria available in the literature [4], Expressions of the form 
Ink = A/T+B +Cln(S//0)melt for each mineral component were fitted by least squares regression to the 
experimental data (Table 1): here K is the equilibrium constant for the reaction describing the melting of 
that component and Si/O is, literally, the ratio of abundances of those two elements in the melt. 
Components in solid minerals were assumed to form ideal solutions; melt component activities were 
calculated using the two-lattice model [5]. When these expressions are used to predict the temperatures 
at which particular minerals begin to crystallize in systems that have been studied experimentally, 
agreement is found with the experimental data to ±10-15°C for each mineral. 

Test of Model QH High-Mg Systems. To test the MMM we attempted to reproduce the results of a 
set of 1-atm melting experiments made on 5 high-Mg terrestrial, synthetic, and meteoritic compositions 
(Table 2). Data from these experiments had not been used in establishing the parameters of Table 2. 
Preliminary calculations showed that agreement was excellent for the crystallization histories of olivine 
and plagioclase, but within the relatively narrow compositional range of these 5 samples there are 
systematic disagreements of ~10°C for the appearance of augite and -20° for orthopyroxene between 
the calculated and experimental data. When corrections of these magnitudes are applied to the 
calculations affecting pyroxene minerals, the models of 1-atm mineral-melt equilibria shown in Fig. 1 are 
obtained. Results for the Murchison chondrite (Fig. 1D,E) and the high-Mg Kapoeta eucrite (Fig. IF) 
show that the MMM can correctly predict the appearance of olivine, plagioclase, low-Ca pyroxene, and 
augite as a function of the amount of melt present. Thus the model can be used for the calculation of 
both the proportions of phases and the liquid lines of descent for major and trace elements during 
equilibrium melting of various high-Mg achondrites [12]. 

Future Work. Needed are improvements in the accuracy of the expressions for mineral-melt 
equilibrium constants, and incorporation into the system of new expressions for pigeonite and spinel. An 
observed discrepancy between experimental and modeled oxygen fugacities when Fe metal precipitation 
is simulated in Murchison (Fig. IE) may mean that the equation for iron-silicate melt equilibrium equation 
requires correction [1]. To model sulfide melting, more experimental data is needed on sulfide-silicate 
melt equilibrium in systems of interest. 

References. [1] Ariskin, A.A. et al. (1992) Lunar Planet. Sci. XXIII, 35-36. [2] Petaev, M.l. et al. (1994) 
Meteoritics, 29 (in press). [3] Ariskin A.A. et al. (1993) Computers & Geosciences, 19, 1155-1170. [4] 
Ariskin A.A. et al. (1992) Amer. Mineral., 77, 668-669. [5] Nielsen, R.L. and Dungan, M.A. (1983) Contrib. 
Mineral, and Petrol., 84, 310-326. [6] Ryerson, F.J. et al. (1988) J. Geophys. Res., 93B, 3421-3436. [7] 
Jaques, A.L. and Green, D.H. (1980) Contrib. Mineral, and Petrol., 73, 287-310. [8] Takahashi, E. (1986) 
J. Geophys. Res., 91B, 9367-9382. [9] Jarosewich, E. (1990) Meteoritics, 25, 323-337. [10] Jurewich, 
A.J.G. et al. (1993) Geochim. et Cosmochim. Acta, 57, 2123-2139. [11] Bartels, K.S. and Grove, T.L. 
(1991) LPSC XXI, 351-365. [12] Petaev, M.l. et al. (1994) This volume. 
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Table 1. Parameters In expressions for equilibrium 
constants controlling mineral-melt equilibria, n: 
number of experiments included in the multiple 
regression fitting 


Component 

!! 

ii 

> !! 

ii 

ii 

ii 

ii 

n 

ii 

n 

ii 

n 

ii 

B 

C 


Plagioclase-Melt (n=142) 


FeAI2Si209 

15214.56 

-13.52 

-3.36 

CaAI2Si208 

18648.75 

-16.14 

-6.08 

NaAISI308 

9887.96 

-3.12 

1.92 


Olfvlne-Melt (m 

=166) 


Fe2Si04 

6753.55 

-4.66 

0.00 

Mn2Si04 

6417.98 

-4.51 

0.00 

Mg2Si04 

5502.20 

-2.54 

0.00 

Ca2Si04 

3064.80 

-5.81 

0.00 


Augite-Melt (n=70) 


FeSi03 

6799.49 

-3.53 

1.58 

MnSi03 

4061.15 

-3.03 

0.00 

MgSi03 

8973.99 

-5.18 

0.22 

CaSi03 

2831.50 

-3.03 

-1.26 


Orthopyroxene-Melt (n=29) 

FeSi03 

4682.54 

-1.65 

1.59 

MnSi03 

3842.95 

-2.50 

0.00 

MgSi03 

7396.49 

-3.13 

0.66 

CaSi03 

11714.03 

-10.53 

-0.58 


Table 2. System compositions used to test the 
Meteoritic Melting Model 


Comp 

1 

2 

3 

j* i 

5 

SI02 

46.76 

48.63 

44.72 

38.11 

49.37 

Ti02 

1.91 

1.20 

0.16 

0.17 

0.74 

AI203 

10.55 

6.00 

3.61 

2.82 

9.90 

FeO 

11.45 

8.34 

8.14 

29.35 

19.49 

MnO 

0.19 

0.13 

0.12 

0.26 

0.51 

MgO 

18.08 

29.24 

39.43 

26.14 

10.39 

CaO 

8.58 

5.22 

3.46 

2.48 

9.14 

Na20 

1.86 

0.96 

0.30 

0.31 

0.46 

K20 

0.40 

0.22 

0.02 

0.05 

- 

P205 

0.22 

0.06 

0.03 

0.30 

ii 

ii 

ii 

ii 


1 - Picrite [6], 2 - Peridotite [7], 3 - Peridotite [8], 

4 - Murchison chondrite [9] minus FeS f 

5 - Kapoeta eucrite [11 ] 


Fig 1. Temperature ranges in which various minerals 
coexist stably with melt; a comparison of experimental 
data (left boxes, solid bars) with calculated models 
(right boxes, open bars). Bases on which the bars rest 
represent limits of the experiments and calculations, 
not system solidus temperatures. Degrees of melting 
shown to right of each box are applicable to calculated 
models 
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OBLIQUE IMPACT; ATMOSPHERIC EFFECTS* N.A.Artem’eva, V.V.Shuvalov* Institute 
for Dynamics of Geospheres, Russian Academy of Sciences, Leninskv prosp., 

38-6, Moscow, 117979* 

The impacts of asteroids and comets on the Earth cause large-scale 

disturbances of the Earth’s atmosphere* Only 198 or less of the energy of 

bolides is taken up directly during the passage through the atmosphere, and 

the vaporized, melted and solid ejecta transfer up to 4098 of their energy 

to the atmospheric air [l]. It may be the reason why the latter effect has 

been investigated in detail - from the fundamental work [2] to the 
encyclopedia [3], and the former has received only occasional attention in 

the literature* For example, O’Keefe and Ahrens [l] mentioned, that the 

penetration of the bolide produces a short-lived hole in the atmosphere 

with diameter approximately equal to that of the bolide* The gas in this 

hole flows radially inward filling the hole and upward propelling the air 

and ejecta particles to high altitudes. In [4] it was emphasized that the 

presence of a tail of a highly rarefied cavity promotes the escape of the 
ejecta to the upper layers of the Venusian atmosphere. The interaction of 

airblast waves with a thin heated channel and the accompanying 

reconstruction of the ejecta flow has been investigated numerically in [5], 

and the more realistic problem has been solved in [6,7] for the case of 

vertical impact on Mars and on the Earth. The results of the above 

mentioned computer simulation indicate the powerful upward stream that is 

many times greater than the well known asymmetry of the "facula* due to the 

atmospheric inhomogeneity. 

Now we have improved the previous model [7] - the real wake, real 

impact with crater formation, heat and light transfer are taken into 

account Fig.l demonstrates the 50 km/s vertical impact of 1 km silicate 

body on the Earth* The vapor plume, consisting of the body and surface 

material, is expanded within the "hole" (rarefied wake). The shape of the 

plume and blast wave is far from spherical mainly because of the wake 

influence* Although vertical impact is a convenient object for numerical 

simulation due to it’s cylindrical symmetry, in real situations an impact 
is most likely to be oblique. 

Relatively simple 3DE hydrocode enables us to make computer 
simulation of the oblique impact of the same asteroid falling with 

inclination angle 45° onto a silicate Earth covered by atmosphere. For the 
sake of simplicity we have restricted ourself to the simplest model: the 

wake can be treated as a time-dependent cylindrical explosion with the 

energy V 2 /2 per unit mass of the atmosphere, and the ejecta - as an 

explosion of a hemisphere that is 10 times as massive and 4 times as great 

as the asteroid and its thermal energy is equal to the half of the 

asteroid’s kinetic energy. The scale height of the atmosphere is taken to 

be H=8.4 km. 

Fig. 2 presents the isolines of the relative density p/p t at XZ- 
section of the flow, where p z is the atmospheric density at the 
corresponding height z immediately after the impact, Fig.3 presents p/p t at 
1.25 sec following the impact. As shown in Fig.2, the wake ranges' in 

thickness from 20 km at the height 50 km to 4 km near the surface, and it’s 
density in a thin central channel is ~10 times lower than that of the 

ambient gas. Fig.3 depicts an absence of strong vertical flow: the blast 

waves occupy considerably greater region than it has been suspected for an 

explosion without wake (dashed lines), with strong disturbances toward the 
wake. Also the velocity is a maximum not on the upper edge of the ejecta 
flow but within the wake (35 km/s versus 15 km/s). 

So the interaction of the atmospheric shock waves generated during 

the flight and the following impact of the bolide alters the final flow 
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pattern radically. This doesn’t mean that the ejecta pathways change 

dramatically too, but it’s not unlikely. The complex spatial flow can 
modify the mass and velocity distribution of high-energy ejecta, its 

in the stratosphere and largely influence the long-term 
consequences of impact phenomena. In our model we do not take into account 
radiation at alL But it is well known that the fireball is a powerful 

source of light and heat pulse, that causes fire storms on the Earth’s 

surface. As the fireball is distorted in shape, the area of fires may be 
significantly increased. 

Whereas essentially all impacts are vertical in relation to crater 
formation except gently inclined ones (3), they are significantly oblique 

in relation to atmospheric effects. Our simulation is only the first step 
on the road to extensive studies. At a later time we try to adjust our 

physical model. 


References: [i] O'Keefe J.D., Ahrens T.J. (1982), GSA Special. Paper 

No 190, p.103-120. [2] Zeldovich Ya.B., Raizer Yu.P. (1967), Physics of 

Shock Waves and High Temperature Hydrodynamic Phenomena, Academic Press, 
N.Y. [3] Melosh H.J. (1989), Impact Cratering, Oxford Univ. Press, N.Y. 

[ 4 ] Ivanov B.A. et aL (1986), J. Geophys. Res., v.91. No B4, p.413-430. 

[ 5 ] Bergelson V.I. et aL (1987), Meteoritica, No 48, p.137-141 (in 

Russian). [ 6 ] Nemchinov LV., Shuvalov V.V. (1992), Solar System Research, 
v.26, No 4, p.333-343. [7] Nemchinov LV. et aL (1993), LPSC XXIV 
(abstracts), p.1067-1068. 
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LABORATORY SIMULATIONS OF LARGE-SCALE VORTEX FLOWS GENERATED AT 
IMPACTS ON VENUS AND ON EARTH. V.I.Artem’«, V.A.Rybakov, S. A-Atedveduk^ and 
B. A.Ivanov. Institute for Dynamics of Geospheres, Russian Academy of 
Sciences, Lemnsky prosp., 38-6, Moscow, 117979. 


The analysis of the Magellan Mission data suggests that ejecta 

emplacement and crater formation on Venus are closely related to the 

atmospheric effects. The formation of the parabolic impact crater related 

features is supposed to be determined to the injection of small particles 

to the upper atmosphere and their transport by E-W zonal winds. We propose 
ere another model of ejecta long distant transportation: the escape of 

ejecta particles to high altitudes can be performed by large-scale 

atmospheric vortex flows. J 6 


. of large meteoroids with planets having dense atmospheres 

tvenus and Earth) are accompanying by substantial atmospheric disturbances. 
The impact-generated atmospheric flows with vertical size exceeding the 
scale height of the atmosphere may be responsible for global propagation of 
solid ejecta and dust. 

In [1] a model for the formation of the parabolic impact crater 

related features is developed based on the injection of small particles to 

the upper atmosphere. The vorticity generation at impacts on Venus has been 
attributed to the interaction of atmospheric blast waves with radiativelv 

heated surface (the thermal layer effect) [2], and to the atmospheric 

disturbances by the outward moving ejecta [3]. In [4,5] it was emphasized 
that a disturbance of the atmosphere by falling meteoroid before the impact 

a formation of the wake of shock-heated gas downstream of the 

meteoroid) promotes the escape of the ejecta to the upper layers of the 
Venusian atmosphere; in experiments [6] the near-surface vortex flow has 

been generated by detonation of an oblique line charge burst simulated the 

atmospheric wake. 


In general, the baroclimty of the gasdynamic flow (VI/pxVp/0, where p 

and p are density and pressure) is responsible for vorticity generation. A 
complex time-spatial character of energy release during atmospheric flight 
and at impact of the meteoroid - the inhomogeneity of the atmosphere, the 
presence of heated channels and layers, crossing shock fronts etc. 

results in such a baroclinity and hence in vorticity generation. In our 

experiments we make an effort to simulate the vortex flows resulting from 

the interactions of impact-genera ted air blast wave and wake. 

.^ e spherical shock wave is produced on action of a focused laser 

radiation onto a surface. The energy of the laser driven blast is £*40 J. 
The atmospheric wake is simulated by electrical explosion of a thin wire 

On modeling of the impact on the Earth the atmospheric pressure and density 

in laboratory are the same as in real atmosphere. In this case the energy 8 

*? the ener Sy of impact-generated air blast E as follows: 

£ (//L)3-E, where 1 and L are the linear scales in laboratory and in 

atmosphere. The explosion energy for 100 m-stony asteroid falling with 

velocity ~15 km/s is about E*d0 2 < erg. In this case L=10 km in atmosphere 

corresponds to 1*5 cm in laboratory. The energy expended for formation of 
tile atmospheric wake can be estimated in the case considered as 

V«/>aJv (p m D) • E*0.1 • E, where H*L=10 km is the scale height of the Earth’s 

atmosphere, and D=100 m is the asteroid's diameter. Thus the energy of 

electrical explosion simulating the wake must be 8 a /l*0A-S/l=0.2 J/cm. 

Fig-1 represents the results of the laboratory simulation of the 

impact on the Earth: the shadowgraphs of the flow generated on blast-wake 
interaction at the consecutive points of time. The "experimental" time r 

corresponds to the "real" time t as T=I/L-t*5-10*-t. In Fig.la one can see 

the expanding wake just before the impact, two next pictures illustrate the 
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interaction of spherical and cylindrical air blast waves. In Fig.ld and 
Fieie are shown the initial stages of the large-scale vorticity formation, 
initially the near-surface part of the wake and then 0« whole, wa£ ^ 

destroyed by vortexes. On the later stage (Fig.if, T= > initial 

rf large-scale toroidal vortexes oriented nomtelly to Ure nutral 

direCU ta Itortatta!!' of f te ed 'in.p.cl of 3 tan-projectile on Venus Ihe energy of 

atmospheric explosion is taken to he comptanble to U*. ““gy ^ *f^ tte 

the wake In this case the results are qualitatively the same as lor ine 

impact on the Earth. Notice that in both cases we neglect the abnosphenc 
inhomogeneity. The vertical scale of vortex flows (especially a pa 

vtius) 8 in y fact exceeds the scale height of atmospheres, therefore m mo ™ 
improved simulation a vertical decrease of the atmospheric density will be 

taken into account. 


References: [l] Campbell D.B. et 
E10, p.16249-16277. [2] Ivanov B.A. et 

[3] Barnouin O.S. and Schultz P.H. 
et at. (1986), J. Geophys. Res., 91, 
et at. (1992), J. Geophys. Res., 97, 
and Provalov A.A. (1993), LPSC XXIV. 


at. (1992), J. Geophys. Res., 97, No 
at. (1992), LPSC XXIII, p.575-576. 

(1993), LPSC XXIV. [4] Ivanov B.A. 

No B4, p.413-430. [5] Ivanov B.A. 

No E10, p.16167-16181. [6] Ivanov B.A. 
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THE SURFACE AND INTERIOR OF PHOBOS: E. Asphaug, NASA Ames Research Center 
245-3, Moffett Field CA 94035, and W. Benz, Steward Observatory, University of Arizona, Tucson AZ 85721 

The impact crater Stickney dominates one hemisphere of the Martian moon Phobos; its diameter (11 km) 
j is about half the size of the body (19 x 22 x 27 km). Besides demarking a threshold between cratering and 
catastrophic disruption, this impact reveals a great deal about the target’s interior. Because Phobos has an 
unusually low density yet exhibits no direct evidence for volatiles such as water ice, it has been supposed 
: that it sequesters volatiles in the deep interior, or that it is made of some exotic substance, or that it is a 
loosely-aggregated rubble-pile. The network of fracture grooves created by the Stickney impact constrain 
s which, if any, of these models accord with observation. 

We first model Phobos as a homogeneous elastic ellipsoid using the smooth particle hydrocode SPH3D 
with fracture (Benz and Asphaug, Icarus , in press), which is the first hydrocode capable of resolving the 
dynamical growth of explicit cracks. We use the fracture constants and equation of state for laboratory 
basalt, substituting a density of 1.95 g/cm 3 . A 6 km/s impactor is introduced with the appropriate trajectory 
(normal incidence at the current center of Stickney) and a size determined by gravity crater scaling 1 . The 
outcome of this impact is shown in Figs, la and lb, which are surface plots of the damaged ellipsoid 12 seconds 
after impact, viewed from two sides. Dark regions are fully-damaged computational cells (i.e., cracks) and 
lighter regions are intact rock. By this time fracture is complete, but the crater bowl has only just begun to 
develop, with flow velocities of a few m/s. 



The fracture grooves antipodal to the crater (lb) do not appear until the final stages of the calculation, when 
reflected impact stresses come to focus. The fracture orientation is sensitive to the impact locus. Phobos 
shows a more complex fracture pattern than our simulation, with a general trend correlated with the axis of 
greatest tidal stress. Nonetheless we feel we have captured the major features of the event. 

The damaged region is not quite as large as the predicted size of the final crater, suggesting that strength 
may indeed play some role in this impact. To test this hypothesis we tried a larger impactor (strength-scaled) 
to see what would happen. None of the body survived fragmentation, a large fraction escaped, and what 
remained was transformed into something quite different from the present Phobos. Hence, although the 
crater does not form purely in the gravity regime, gravity scaling is far closer to the truth than strength 
scaling. This study confirms the earlier work of Asphaug and Melosh 2 — who used a significantly different 
numerical method and fracture model, in axial symmetry — that the impact took place essentially in the 
gravity regime, with a correspondingly slow cratering flow and a retention of crater ejecta. It is worth noting 
that the crater flow fields predicted by both numerical models are in very good agreement with analytical 
crater scaling in the gravity regime 3 . 
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The fracture grooves in Fig. 1 extend deep into the interior, as shown in Fig. 2 below. This series of 
figures is a slice through the final target, again with damaged regions (cracks) shaded darkest. The slices 
are 1 km thick, beginning near the crater (i.e., near the bottom front of Fig. la) and proceeding into the 
least-damaged hemisphere, where one can see the antipodal fracture groove. The grooves of Phobos are not 
mere surface features, but extend deep into the body. Although fractures permeate Phobos, they do not 
disconnect it (except the near-crater zone), and hence our final target retains a significant fraction of its 
original strength. 



We finally modeled Phobos as an ellipsoid of rock-like density (2.7g/cm 3 ) with a random distribution 
of small “holes” removed to simulate a heterogeneous interior, so that the bulk density was 1.95 g/cm 3 . The 
result was dramatically different. Instead of forming the highly organized pattern of fractures seen in Fig. 1 
(and on Phobos itself), the impact produced a crater and not much else. In heterogeneous targets (such as 
rubble-piles) the impact stresses scatter rapidly and are evidently unable to lead to coherent rupture. Hence, 
the existence of fracture grooves on Phobos, especially those far from the crater (Fig. lb), leads us to conclude 
that the target is homogeneous, at least down to a scale smaller than the width of the grooves themselves, 
i.e. tens of meters. And this, in turn, places a rigorous constraint on the evolution and composition of this 
ever-mysterious small body. 

REFERENCES: 1 Holsapple and Schmidt, JGR 92, pp. 6350-6376, 1987. 2 Asphaug and Melosh, 
Icarus 101, pp. 144-164, 1993. 3 Housen, Schmidt and Holsapple, JGR 88, pp. 2485-2499, 1983. 
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vlLirMoTA Y NI 0 Tu! M V A ENUS VOLCANOES AND PLAINS TERRAIN IN 

AUBELE, JAYNE C-, Department of Geological Sciences, Brown University. Providence Rl 02912 

3H3-sS»SSK5:sa: 
sss£sasa 1 sSS3S5S i a3r. 

S^»"™ u ^!Tud , ri !o ?° f ““ »**“ ^ «*« *. * 

terrain [9,10], 'Hie volcanic features that S S' large , volc “ uc edifices, occurring within the lowland plains 

predominantly shield 3^okS tZ Zd!™ ** ,* [1I ’ 12J « d duste « of 

were initially recognized on Arecibo and Cnldctn c t u , oes ^ n J ost a ^ >unc ^ ant geologic feature on Venus, and 
Venera 15/16 Z pST ThS dSl^f “T [13 ’ 14] ”* fu5t cxamined “ detail using the 

volcanologicalsense of the tem 7l 8 Z ri!° , T* SmiIar to vo,canic Tlelds '’ ™ the terrestrial 

component of pyroclastic material [1] covering a^ew *re** — 111116 ^ volcanic Rows, or possibly a small 

channels appearto be rdaW to dti m«SS if ZLZ ff “““T" WI * 6ach / f,6,d ” of edifices. Although lava 
evidence for variations in age of local fields of small volcanoes P ^ 1,1616 * emba ytnent and stratigraphic 

focus of the VDAP research itpwSd hwS £™ assocM ? P la ™ ™ts. A major question that is the 

• nd "" , °™" ion “ ■>' whh 

selected formappii^™™(ll^LSceom V ' 2 ' P1 “ i,i '- “ m " od 11 37 ° N «" d 135°, was 

volcanoes are the source of flows that fomfor^esurface the Li m^ ^n g< ? lo8,c ma PP“ 1 8 : C 1 .) the small 
formed sinrultaneomlv* email i , plains, (2) the small volcanoes and the plains have been 

sZuVeZ.TS' kL Ztl 7:^“; pl ““ le,I * i " ; *** < 4 > “» »«>■»■»« poadi fertL. 

^ XU5.‘aar 1 aiter- a 

:£^5SW-M25a yz; : JSSTS52: o" 

This was an unexpected result of the manornc Prior to rW»;i,vt contacts and consistent stratigraphic relationships. 

risf " i “” , 

small volcano plains which have been embayed and surrounded* The “* C ?*^ lsoIat ed outliers of the 

ssssssskss Mss=W'^ 

SSpSH 

u»«n «l ptedj csS^rtZl'SS^L C^S iSrr pl r“ “ k ““ !««*»• l«ss«. 

potential stratigraphic marker. It is well-defoi^dT , T ? lamS . Un “ ma PP ed » this area is a 
consistent; however, its total areal extent and relationshio with nth temporal relaU ° nshl P s Wlth adjoining units are 
Continuing analysis will address the following- What is die nature of die^wr^i volcaj )°. co ( f centration is unknown. 
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STRATIGRAPHY OF SMALL VOLCANOES AND PLAINS, VENUS 


. global period of small volcanic edifice building or a resurfacing event tat occurred prior to the formation of the 

mortis" r, 1 s 97. '.is. ’i«| 

4]Squyres et al JGR, 97, 13519 , 1992; UK789> Cjhjfc 67 ^ ^/pjHead et al, JGR 97, 13153, 1992; 

7Greeley et al, JGR 97. 13319. 992; » CampbeU e IG * 97 ^f [ ^Parker et al, LPSC XXHI (abst). 

[lOJCrumpler et al. Sci 261, 591, f’lJS™^Ott 15. 6. 577. 1988; [15]Slyuta et al, Aston. 

1035, 1992; [13]Campbell et al, S » • n,’ la pvip 50/51 493 1990; [17]Garvin & Williams, GRL 17, 9, 

“ -• jor i3347 - 1992 
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Preliminary Geologic Map of A Part of the Vellamo Planltia Quadrangle, Venus 

Jayne C. Aubele 
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STEPPING INTO SPACE: GETTING INVOLVED IN PRE-COLLEGE 
OUTREACH 

Aubele, Jayne C. and Schultz, Peter H M R J. Space Grant Program and Department of Geological 
Sciences , Brown University , Providence, RI 02912 

The RI Space Grant Program provides scholarships for graduate and undergraduate students from a variety of space- 
related science disciplines. These students devote a portion of their time to pre-college science education outreach 
programs which are designed with teacher-input and are tailor-made for individual schools or classrooms. Our 
programs and presentations use one of the following philosophies: (1) Hot Topic - sharing science information in 
the context of popular current events; (2) Student to Student - one-on-one interaction between kids and science 
majors; and (3) Special Focus - special projects designed for individual needs. This flexible approach, combined 
with our diverse graduate and undergraduate students, allows us to "reach" pre-college teachers and children 
throughout the state. 

The Rhode Island Space Grant Program is part of the nationwide NASA National Space Grant College and 
Fellowship Program and is designed to enhance learning opportunities in space-related science at all levels of 
education, from elementary school through graduate school. Our objectives are: (1) to encourage undergraduate 
students to explore space-related science as a career; (2) to enable graduate students to pursue an education in space- 
related science or engineering; and (3) to use space-related science as a vehicle for increasing scientific literacy 
among the children and pre-college educators of Rhode Island through diverse outreach activities. All three goals 
are interrelated in our program and a flexible approach to outreach allows us to interact with many different groups. 

An underlying theme in all of our activities is to stimulate, encourage and enable grass-roots efforts in 
science education throughout the state by tailor-made Space Grant / teacher / student partnerships designed for 
individualized needs. We have found that the most effective outreach programs involve student to student. We 
fund undergraduate and graduate students from a variety of space-related science and engineering disciplines and they 
devote a portion of their time to science education outreach activities, including visits to school classrooms and 
presentations of special workshops and short-courses designed for pre-college students and teachers. The 
undergraduate and graduate students gain financial support, improve their communication skills and become more 
excited about their science; and in turn, they use their enthusiasm and energy to excite children about science and to 
act as a resource for teachers who wish to present science topics in the classroom. These interactions enable kids 
to see exactly what scientists are like and what they do; and since a large part of our activities present Space Grant 
personnel as science role models for children, we have strived to include as many women and minority students as 
possible. Currently our undergraduate scholars and graduate fellows consist of 4 women and 4 men and include 
African-American, Asian American and Hispanic students. The wide range in scientific disciplines represented by 
these students has made it easy to fit into a variety of school and grade level curricula, and the ethnic and racial 
diversity of our fellows and scholars has allowed us to design outreach programs specifically for target groups such 
as middle-school age girls, and African-American and Hispanic children. 

Over the past three years we have offered a variety of school presentations, workshops, short-courses and 
special events aimed at pre-college teachers or their students. Topics for teachers have ranged from Astronomy for 
Secondary School Teachers to a Teacher’s Science Overnight, short-courses based on the Dinomation exhibit at our 
local Zoo and the movie Jurassic Park , and workshops on Using Space to Teach Science for the entire faculty of 
some schools and the RI State Dept, of Education Math/Science Collaboratives and Advisory Board. Recognizing 
that today's student teachers will reach many more children than we can, we have established a program with Rhode 
Island College, Department of Elementary Education (RIC produces almost 90% of the elementary teachers in 
Rhode Island public schools). We present space-related science teaching methods workshops for all teachers-in- 
training every semester at Rhode Island College. Topics for pre-college students have ranged from Mars surface to 
Earth’s oceans (as seen by satellite), archaeoastronomy, light and holography, the big bang, plans for a lunar base 
and a mission to Mars, airplanes and rockets. Earth and Moon, using art to understand physical science, and 
building a receiving station for weather satellite images. Special projects have focused on an African-American 
science club and science in Spanish for Hispanic students, with particular emphasis on partnerships with inner-city 
schools that lack the facilities or resources for classroom science or field trips. Recognizing that middle school is 
a time when children commonly lose interest in science, we have designed special short-courses for this critically 
important age group. We track and evaluate all of these diverse projects and programs by presenter and participant 
evaluation and, where possible, by the achievements and test scores of the teachers and children. A few of our 
programs and workshops are described in detail as examples of the usefulness of this flexible approach. 

HOT TOPICS Our teacher’s workshops have been geared to excite teachers with information and possibilities 
that they can draw on to make their own classroom projects work, thereby enhancing the spirit of personal 
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discovery. For example, the hit book and movie Jurassic Park (and every child's fascination with dinosaurs) were 
used as a basis for a 2-day teacher's workshop held in August and based on the science issues of "Jurassic Park”. 
Researchers in biology, paleontology, geology and mathematics gave presentations on chaos theory, DNA and 
genetic engineering, dinosaur physiology, mass extinctions, the Jurassic Period, and theories of dinosaur 
extinction. The full two days began with breakfast and a field trip to one of the largest excavated dinosaur 
trackways in the world, located in nearby Connecticut, and concluded with lengthy discussions over pizza after a 
special showing of the movie Jurassic Park. We had to limit the number to the first 40 teachers to enroll - a 
number r eac hed just two days after our mass mailing went out - and they included teachers from all grade levels and 
from schools in every part of Rhode Island. They gave up 2 days of their summer vacation but took home lots of 
information, hand-outs, copies of Earth Magazine, and ideas about teaching science in their classrooms this fall. 

This approach, sharing "hot-topic" research in the context of entertainment, rather than producing specific 
curriculum products, found favor with the teachers. Their evaluations were uniformly enthusiastic: I liked this 
well-developed, innovative approach, I think this format is a pleasant change of pace from the usual teacher 
workshop fare". "I enjoyed using a book I had read to learn about new research". "I found the information useful 
for my own background in designing and teaching a dinosaur unit". "Congratulations on presenting an outstanding 
opportunity to RI educators...this is the kind of non-text learning experience that can keep science fresh for 
teachers and their students." 

STUDENT TO STUDENT Public schools in economically disadvantaged urban neighborhoods frequently 
have no science resources. We have set up "partnership" programs with several such elementary and middle 
schools in Providence. Our graduate and undergraduate students have visited and worked with every grade level and 
every class in these partnership schools - showing the kids what is possible. Teacher's evaluations noted that the 
kids were so excited they could barely contain themselves and talked about the visit for weeks after and the Space 
Grant visitor was so enthusiastic about the subject matter, she captivated the children"..."this presentation allowed 
the children to extend their knowledge and get answers to their questions"—"this gave the students a positive 
attitude toward both the material presented and those involved in science!" 

Student to student is particularly effective when the visitor becomes a role model. Our women graduate 
and undergraduate students have taken part in 3 math/science workshops for middle school girls. We funded a 
group of African-American and Hispanic middle school children from economically disadvantage neighborhoods to 
visit Brown University science departments for hands-on fun every day for a week during the summer. But, more 
importantly, we were able to provide mentors from among our graduate fellows who accompanied the kids every 
day, ate lunch with them, and shared their experiences and reasons for studying science. 

An urban elementary school with a high population of Spanish-speaking children became a focus for one 
of our Hispanic undergraduate scholars. She put together a program in association with the bilingual teachers at 
the school and has visited the classrooms once a week for a full year presenting a range of science topics and 
exercises in both English and Spanish. According to their teacher, "this has been a wonderful experience for the 
children - they look forward to her visit each week and come prepared with information and questions...not always 
just about science!" 

SPECIAL FOCUS With teacher-input we have offered a range of short-courses for several individual schools 
or classrooms. For example, an after-school science club in one school planned an entire Mars mission with the 
weekly visits of our engineering graduate fellow and geology undergraduate scholar. One of several mini-courses 
we designed and presented was requested by a 6th grade teacher on "Using math to solve real science problems". 

Our most ambitious project to date has been a 3 year association with all 20 elementary schools of the 
Warwick RI Public School System and their science teachers and science supervisor. The Warwick school system 
is one of only two in the country with designated science teachers for grades 1-6 in all elementary schools. In 
conjunction with the "Space and Planets" section of their science curriculum, our graduate and undergraduate 
students have given presentations to all 3rd through 6th grade science classes. Each year we have face-to-face 
contact with approximately 6400 Warwick children and 400 Warwick classroom teachers in a 2-month period. The 
children then choose a space science topic, research it, and produce an individual or group poster or story board 
(with video) depending on their grade level and in association with the school art teachers. In 1992,45 children 
were presented with gold medals from RI Space Grant in an award ceremony covered by the local newspapers and 
TV news; and 2 children and 4 teachers were awarded trips to the Smithsonian Air and Space Museum and Goddard 
Spaceflight Center. The winners for 1993 will be announced soon, and a gallery showing of their posters is 
planned. This sustained involvement in association with strongly supportive and interested science teachers has 
made it possible to track science testing scores for children in the Warwick elementary schools. They have 
increased by an unprecedented 11 points since the start of active involvement by the RI Space Grant program in 
"using space and art to teach science". 
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A MERCURY ORBITER MISSION: REPORT ON THE EUROPEAN SPACE 
AGENCY’S ASSESSMENT STUDY &FACE 


A. Balogh, The BlackettLaboratory, Imperial College, London, U.K; R. Grard, Space Science 
Department of ESA, ESTEC, Noordwijk, The Netherlands; G. Scoon, Future Mission Studies 
Division, ESTEC, Noordwijk, The Netherlands; M Hechler, European Space Operations Centre, 
Darmstadt, Germany 


An assessment study of a Mercury orbiter mission has been undertaken by the European 
Space Agency, as one of the candidates for its Medium 3 mission, to be considered for launch in 
t e early years of the next decade. The mission's objectives include the mapping of Mercury's 
magnetic field, its complete imaging, the determination of its surface composition by measuring 
its gamma ray emission, and a comprehensive survey of the Hermean magnetosphere. The 
o jec ves of the study are to define a set of scientific objectives and to derive representative 
requirements from these; to establish the principal technical characteristics and to design in 
outline, a configuration for the spacecraft; and to establish a mission scenario. A Mercury 
Orbiter mission presents formidable technical challenges. To send a spacecraft to Mercury, and 
place it in orbit around the planet, requires a large delta-V capability and a long cruise, as well 
as the use of two Venus and two Mercury flybys, prior to orbit insertion. The thermal problem 
once the spacecraft is in orbit around Mercury, requires special design techniques: partly because 
of the large solar input (the solar constant is up to a factor 11 larger than at the Earth), but even 
more so because of the high level of heat radiated by the sunlit side of the low albedo planet. 

e present in this paper a brief outline of the scientific objectives and the preliminary spacecraft 
and mission designs. 

The origin of Mercury's magnetic field, identified by Mariner 10, is not well understood, and 
remams a challenge for theories of planetary magnetism and evolution. Prior to the Mariner 10 
flyby, it had been assumed that the planetary interior solidified very early in Mercury's history 
thus preventing the operation of a classical dynamo. In the light of the unambiguous detection 
of a planetary field, a number of possible models have been proposed, in order to explain it either 
y m tying e composition of the core (to prevent complete freezing out) or by attempting to 
devise mechanisms which could provide the stable current systems needed for the formation of 
the field. One such model is based on the very large thermal gradients between the dayside and 
mghtside hemispheres, maintained by the slow rotation of the planet. In most models the 
magnetic field contains not only a dipole term, but significant higher order terms as well. A 
complete mapping of the planetary field is required to provide observational constraints on the 
various models ana thus information on Mercuiy’s interior and history. 

The Hermean surface is very much lunar-like in the sense that it is pockmarked with impact 
<naters of different sizes. There are, however, major differences: while smooth plains covering 
large areas are stratigraphically similar to the lunar mare, the intercrater plains of older age are 
a new feature. Furthermore, the Caloris basin with a diameter of 1300 km and the hilly 
structures near the antipodal point are unique to Mercury. Without a comprehensive 
understanding of these outstanding issues, we are unable to reconstruct the history of the early 
solm- system. This also means that it is a matter of urgency in planetary science to complete the 
mgh-resolution imaging observations initiated by Mariner 10. Recent ground-based radar 
observations of Mercury indicated the possible presence of buried water ice in the polar regions. 

A most direct way to confirm (or deny) this conjecture is to compare the crater morphologies 
(particularly if a polar-orbiting phase can be incorporated in this mission) with those of the 
so-called rampant craters on Mars with softened rim structures. The modification of rampant 
craters above a latitude of about 35 deg is most likely the result of fluid flows generated by the 
water melted at impact. The polar crater zones are consequently one of the high-priority targets 
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r ti, imotfinff a-jmpriment. The chemical composition of the Hermean surface, retaining 
important information on the processes which formed it, also needs to be explored by detecting 
th^signatures of the different elements through their induced gamma ray emission spectra. 

The intrinsic magnetic field of the planet, while much weaker than that of the Earth, is 
nevertheless sufficiently strong to present an obstacle to the solar w^n ow ,> t] £^ ^ 

magnetosphere which differs in several important respects from that of the art . 
differences make it a unique "laboratoiy” in which to study magnetosphenc phenomena on time 
and length scales dramatically different from those in other planetaiy magnetospheres. The very 
Sl^t^sphere and the almost certainly insignificant ionosphere P-ade^undmy 
conditions which result in very different patterns of current flow and energy transfer ^m the 
solar ^wind to the magnetosphere. The pressure balance between the planetaiy magnetic fie d 
and the solar wind provides the basic scaling law for the size of the magnetosphere. The field 
is weaker than that of the Earth by three orders of magnitude, and, while the solar wind velocity 
s notgreatly 11 lifiSheiit at the heliospheric distance of Mercury, its density is, on average, about 
8 i£nesTiger than at 1 AU. These figures yield a scale size for the Hermean magnetosphere 
which is about 5 % that of the terrestrial magnetosphere. 

From the point of view of comparative studies, the Hermean magnetosphere can be ranked 
among the most tantalizing systems. For example, the substorm generation process now under 
much debate (e.g., whether near-tail current disruption should hold the ey or 
clarified by comparing the substorm effects at Earth and Mercury. This is because the lack of 
a significant ionosphere on Mercury will automatically rule out themechamsms invoking 
maSosXere-ionosphere coupling as a key element, as far as the Hermean magnetosphere is 
concerned^ Even so, solar wind interaction must lead to the development of a magnetosphenc 
current system. How such an electric current system would flow and how should ^ becomiected 
with the planetary surface (as a (unction of local electncal conductivities) must await detailed 
magnetic field and plasma observations by the Mercury Orbiter. 

In order to address these objectives, a representative high priority payload has been defined^ 
The instruments included are a multi-spectral imaging camera, a gamma ray detector a 
minefom^r plasma electron and ion detectors, plasma wave detectors and an ion emitter for 
SSSSLl As a guideline, about half the resources allocated to the payload are 
for the planetary objectives, and the other half for the magnetosphenc and space physics 
objectives The nominal mass of the payload is 40 kg. The spacecraft design concept is primarily 
drivenbv requirements to carry the fuel needed for the large delta-V capability and to cope vnth 
ffie the^J environment, ^spinning spacecraft, of dry mass of about 540 kg, is based on the 
ESA's Cluster spacecraft which already carries some 2.2 km/s delta-Vcapabik y. e prope an 
mass required for the baseline Mercury Orbiter mission is about 820 kg, corresponding to a tote 
delta-V of 2 7 km/s. The total power foreseen in Mercury orbit is about 400 W. Communications 
fro prorided bTa despun antenna of 1.47 m diameter, in both S- and X bands. The^downlink 
rates are variable from 2 to 8 kbps, limited by the planned use of ESA 15 m ground Rations. 

Following a transfer orbit from the Earth, using two Venus ?s’'th» 

soacecraft will be injected into Mercury orbit with an apherm of 100 000 km. The orbit is me 
rotated to a 200 x 16,800 km polar orbit, with a pericentre at 30° latitude north, n or er 
maintain the nominal orbit, fuel corresponding to 72 m/s is needed. The resulting orbit wil 
pro^Tsurface coverage, below 5,000 km altitude, in 150 days, ^ays, a sampling 
time of 471 hours can be achieved over the north pole at altitudes below , 

Widespread scientific interest has been expressed in the mission. At the conclusion of the 
study, expected in April 1994, the scientific and programme committees of the Agency will take 
a decision concerning whether to follow up with an industrial Phase A study. 
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GRAVITY STUDIES OF MEAD CRATER, VENUS 

W. Bruce Banerdt, Nicole J. Rappaport, and William L. Sjogren (Jet Propulsion Laboratory, 
California Institute of Technology, Pasadena, CA 91109) 

Robert E. Grimm (Arizona State University, Tempe, AZ 85287) 

Mead Crater, with an outer ring diameter of 280 km and a depth of about 1 km, is the 
largest crater identified on Venus [1] (Figure 1). It presents perhaps the only opportunity for 
investigating the structure of the crust and lithosphere of Venus (and the effects of a large impact 
upon them) using gravity data, as the altitude of the Magellan spacecraft precludes the detection of 
gravity signals with spatial wavelengths much less than about two hundred kilometers. In 
November of 1992 Magellan's periapsis passed over Mead Crater, making it possible to acquire 
high-quality, high—resolution doppler tracking data. In this abstract we will describe some prelim¬ 
inary analyses of this data. 

The gravity data set consists of 13 X-band Doppler radio tracks spanning 21 orbits (6178— 
6198). The quality of the X-band data was excellent, having an average noise of less than 0.2 
mm/sec for 2-second data samples. Ten orbits had a definite signature for the crater, whereas the 
three orbits at the beginning and end of the span had essentially no crater signature. Figure 3 
shows an example the doppler residuals (orbit 6186) relative to GM and to a 36th degree and order 
field [2]. The orbits crossed the crater (located at 57.5” E. latitude, 12.5“ N. longitude) in a north- 
south direction and the spacecraft was at an altitude of 182 km over the crater. It can be seen that 
the negative signal from the crater (roughly 5” wide, centered at latitude 12.5) is superimposed on a 
strong regional signal; only a fraction of the regional signal is absorbed by the 36x36 field. In 
order to better isolate the crater anomaly, the residuals were reduced relative to a 60th degree and 
order field [3] (Figure 4). When this is done, the regional "background" becomes less than a 
milligal, and a negative anomaly of 3 mgal is centered over the crater. However, the 60x60 field 
itself contains a part (1-2 mgal) of the crater signal (Figure 2). Thus we estimate the total gravity 
anomaly at spacecraft altitude to be 4-5 mgal. 

Several preliminary approaches have been used to interpret the gravity data. By comparing 
the 60th degree and order field to that computed from a global harmonic representation of the grid- 
ded topography, we find that the regional gravity is considerably subdued relative to the predicted 
gravity from topography, whereas the observed crater signal is relatively more prominent in the 
observed field. This indicates that the regional topography is considerably more compensated than 
the crater itself at wavelengths greater than about 600 km. Line of sight (LOS) accelerations were 
also computed using an orbit simulation program [4]. Topography within two crater radii of the 
center of Mead was used, tapered at the edges, and a nominal crustal thickness of 20 km was 
assumed for the compensation depth [5,6], The best fit to the observed LOS accelerations are 
obtained from models with 0-30% compensation. This implies either little or no uplift of the 
moho, much deeper compensation (e.g., thicker crust), or perhaps some sort of low-density fill 
within the crater. 

Considerable uncertainties remain in these models due to incomplete topographic coverage 
of the area, especially over the topographically rough rim deposits. The models are particularly 
sensitive to the amount of mass in the rim, as the crater itself is relatively shallow. We are cur¬ 
rently working on extending both the spherical harmonic and LOS studies using a more complete 
representation of the topography derived from specially-processed cycle-3 altimetry data and 
stereo modeling. 

References; [1] Schaber et al„ J. Geophys. Res., 97, 13,257, 1992; [2] Nerem et al., 
Geophys. Res. Lett., 20, 599, 1993; [3] Konopliv et al., Geophys. Res. Lett., 20, 2403 1993- 
[4] Phillips et al., J. Geophys. Res., 83, 5455, 1978; [5] Zuber, J. Geophys. Res., 92 (17th 
LPSC suppl.), E541, 1987; [6] Banerdt and Golombek, J. Geophys. Res., 93, 4759, 1988. 
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Figure T Radar image of Mead Crater. Figure 2: Radial acceleration at 182 km from 

Image is 350 km across (C1MIDR-15N060). PMGN60J. Contour interval is -0.5 rngal. 



Figure 3: Magellan LOS acceleration profiles 
over Mead Crater derived from doppler 
residual relative to GM only, and to a 36 x 36 
field [2], Orbit number 6186. 


Figure 4: Magellan LOS acceleration profiles 
over Mead Crater derived from doppler 
residual relative to a 60 th degree and order 
field (PMGN60J). Orbit number 6186. 
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TT . . M *? S SOTL: NANOPHASE MINERALS AND FORMATION PROCESSES; A. Banin, The Hebrew 

University, Rehovot 76100, Israel 

A single "geological unit" consisting of fine, weathered material is covering large portions of the surface of Mars 
in a homogeneous, presumably thin, blanket of soil. Rocks and boulders are exposed on the surface and are surrounded 
and covered by fine loose soil material. Homogeneity of the soil material over the planet is manifested by the similarity of 
spectra] fingerprints of the bright regions on Mars, the almost identical chemical composition found in the two Viking 
Lander sites, the resemblance of the physical and mechanical properties and of the chemical reactivity shown in the 
Viking Biology experiments conducted at the two landing sites. 

nuneralogical nature of Mars soil is far from being understood, nor are the formation time and weathering 
?!^ SS !™ 1 . Qua ?l ti,aU ; v ^ the tw0 ma J or mineral-forming elements in Mars soil are silicon and iron, constituting 
o and 19% of the soil as SiC >4 and Fe 2 C> 3 , respectively (1). The silicate phases have been studied only briefly, mostly 
because of their limited spectral fingerprinting in the VIS and NIR. Much attention was given to the iron minerals in the 

T 1 u ^ n P ronoun i ce(1 absorption in the VIS and NIR, making them easily detectable by telescopic observations 
(2,3). In the following, the available information on Mars soil mineralogy, mostly obtained by remote sensing, will be 
reviewed and it will be hypothesized that it leads to the suggestion that nanophase short-range-ordered ("amorphous") 
phases of die silicates and iron oxides abound in the soil. This then raises several questions: Why are the major minerals 
m Mars soil poorly crystalline? What are the weathering pathways? Why did not the secondary silicate and iron oxides in 
Mars sou npe and develop into well crystallized phases despite the long period of time since aqueous-weathering took 
place. Is it the kinetics? Antarctic weathering analogs do not support this. Alternatively - is it possible that the minerals 
in the thin top layer of Mars soil, which is what we have sampled and analyzed up to now, were produced by a slow on¬ 
going weathering processes of volcanic materials proceeding on the surface of Mars over hundreds of milions of years? 

Earlier studies (4) have identified 60% “silicate” in the soil, using the Mariner 9 IRTM data. Montmorillonite (a 
smectitic alumosihcate clay mineral) was suggested as a major component of the dust and soil on Mars, on the basis of 
more detailed analysis of the IRTM (Mariner 9) data (5). Non-weathered basalt was rejected as it did not fit the spectral 
features. Nontronite and montmorillonite were initially suggested as the major silicate components on the basis of the 
elemental analyses of the soil (6). This was supported by successful simulations of the Viking Labeled Release (LR) 
experiment using iron-enriched montmorillonite (7) and the similarity of this clay’s reflectance spectra in the visible range 
to those of Mars soil (8). Another candidate was suggested, primarily on the basis of spectral telescopic data, to be 
palagonite, a weathering product of volcanic glass (9-12). However, several palagonites tested did not simulate the 
reactivity of Mars soil as observed in the LR experiment (13). A magnesium containing silicate (saponite?) was detected 
in the analyses of the NIR spectra at 2.2pm (2). However, the typical doublet of well-crystalized standard 
montmorillonite at 10pm was not observed in the IR spectra of Mars, leading to the conclusion that no crystalline smectite 
is present in the soil (3) or, alternatively that it constitutes less than 15%-20% of the soil (14). If these observations are 
further corroborated, they suggest that most of the weathered silicates in Mars soil are of the low-crystallinity or 
amorphous varieties. No definitive identification of this phase was given until now. It is interesting to note in this context 
that a poorly crystalline silicate-aluminum mineraloid was detected in non-metamorphosed inclusions in EETA 79001 
one of the SNC meteorites (15). Furthermore, the possibility that the silicate “rust” (iddingsite) found in the interior of 
Nakhla is of preteirestrial origin has not been completely ruled out, since this SNC meteorite is a fall with very limited 
terrestrial weathering. The “rust” is a silicate alteration-product produced perhaps by the action of fluids enriched in 
halides on olivine. The very limited data are consistent with di- or tri- octahedral phyllosilicates with excess Fe and Si 
(16). 

Iron, the second most abundant element in Mars soil, appears to be primarily present in its oxidized form (ferric), 
^ngly suggesting chemical weathering of the basaltic parent material. The typical reflectance spectrum of Mars in the 
visible/short wave NIR range (12,17,18) bears the strong Fingerprinting of oxidized iron and has been reproduced more or 
ess faithfully in laboratory measurements of many different iron-containing phases. They include “amorphous” iron 
oxides (19), palagonite (9,10), nanophase hematite deposited in silica matrix (11), and iron-enriched smectites (8,13). One 
conclusion from the abundance of spectral analogs if that unambiguous identification of the iron mineral(s) in Mars soil, 
on the basis of reflectance only, is not possible at present. A more important conclusion is that the accumulating evidence 
shows that iron in the weathered component of Mars soil is mostly present in poorly crystallized clusters of oxy-hydroxy 
ferric iron, or as crystalline minerals but in extremely small particle size range (“nanophases” or “nanocrystals”). Recent 
!i™ P1 ^° bserVati0nS haVe detected l yP ical hematite features at 860 nm, and possibly other crystallized iron oxides 
(12,20). However, these features are very weak and estimates of the content of hematite and/or other crystalline phases 
are in the range of 1-3% or less. The content of the magnetic mineral in the soil is also estimated to be in the range of 1- 
3%. It may be maghemite, magnetite or nanophase hematite that is typically superparamagnetic. However, the bulk of 
the iron oxide-oxyhydroxide in the soil is amorphous or short-range ordered and is characterized by extremely small 
particle sizes. 

As a whole, the evidence now leads to the suggestion that much of the silicon- and iron-containing phases in 
Mars soil are short-range-ordered or "amorphous" i.e. do not have well developed crystallinity. This hypothesis is based 
on accumulating excellent telescopic observations during the late 1980s (1988-1990 Mars-Earth oppositions) and detailed 
laboratory studies on soil analogs. It opens a new and intriguing question—what is the peculiar mode of weathering that 
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has produced these amorphous silicates and iron oxides? More specifically, what is the cause of the limited growth of 
crystals of secondary silicate and iron oxide minerals in the weathered soil on Mars. Given that currently the 
SSilmSuKe son formation is during earlier epoch (-3.5 billion years ago) when Mars war “warm and we 
(e.g.2U2), it is puzzling that only a minor portion of the silicates and iron oxides have crystallized and developed a more 
thermodynamically stable mineralogical composition and particle size distribution. • 

Similar silicate and iron oxide entities are found on Earth only as transitory phases, which ripe rapidly 
(geologicallly speaking) to more stable minerals. Palagonites represent such a transitory assemblage of minerals produced 
^ the initial weathering product of volcanic glass. The maximal age of palagomte deposits on Earth is in the range of 1- 

y Is jt possible then that the peculiar nature of the Martian dust and soil is due to its being a relatively young 
weathering 'product that has formed and continues to form at an extremely slow rate, over the last several hundred 
millions to a billion years? It is then plausible that this “recent” (in Mars time scale of changes) and non-evolved 
weathering product is coating or burying ancient, more evolved weathered mineral assemblages that formed in theearlier 
‘Vann and wet” epoch of Mars. This suggestion apparendy goes against the "common wisdom onfeathering.The to 
temperature and aridity of the Mars environment preclude hydrolytic-weathering as a significant process (22). Howe , 
"surface-weathering" involving gas phase-solid phase reactions taking place at the atmosphere-rock microscopic interface 
atTvery skfw rate, even there. Such surface weathering may involve just die unfrozen water layers 
(with a thickness of 1-3 molecular layers, (24)), sorbed on the surface of any rock or solid phase by virtue of the surface 
potential exerted by the solid. These weathering reactions are, generally speaking, driven by the same chemical driving 
forces that act on rocks in the more humid environments on Earth with which we are familiar. Overall, these processes 
can be viewed as reequilibradon of minerals formed under magmatic condidons of high temperature and low red °*-f' 
S^ir new conditions of lower temperature, higher redox potential, higher water activity, and, frequently unde soil 
condidons more varied and less fractionated ionic environment. So it is expected that the end products of these 
weathering processes may be similar to those found in the more water-nch environments of Earth. A major difference in 
rate is however, expected. The lack of excess liquid water on Mars may cause chemical saturation of the aqueous-phase 
thus slowing down the overall rate of dissolution. Furthermore, the low temperature prevailing in these extremely cold 
environments may slow down the intrinsic rate of the reactions, causing the processes to proceed at a very slow pace. 
Still in Mars-like environments on Earth (e.g. Dry Valleys, Antarctica) where hydrolytic-weathering processes invo ving 
ewesTwater are Hinbed'or non-exislem. the producls of the surface-weathering mechanisms tecome qualitatively 

important, given enough time to proceed (25). The data available for Antarctic soils cover a period of -3 million years 
only 3 (25) Mars surface may be of much older age, perhaps up to 1 billion years old. The global surface stability (lac* o 
plate tectonics) facilitates the accumulation of weathering products over long periods. Even at 

rate of rock-surface weathering of 0.3 nm/yr (i.e„ about one molecular layer per year), an average layer of 30 cm could be 
weathered on Mars over the last 10 9 years. Wind abrasion rates on Mars are estimated at 1 ltm/yr (27) i_e. 3-4 orders-of- 
magnitude faster than the assumed hydration-front penetration rate, thus the assumption)of a linear-rate of advancement o 
the weathering front (rather than a square-root-of-time dependence), is warranted. This leads to higher overall rate of 
weathering than arrived at under diffusion-limited conditions (22). Particularly susceptible to the surface-weathering 
processes are the more recently erupted volcanic materials. Estimated at 26.4x10 km dunng Amazonian (27), these 
materials may have supplied the highly unstable minerals that weathered and produced a thin coating of dust and soi 
Sotely sensed on much of the planet's surface. This "recent” (in Mars time-scale of changes) and non-evolved 
weathering products may be coating or burying ancient, more evolved weathered minerals assemblages that may have 
formed in an earlier “warm and wet” epoch of Mars. 

References: (1) Clark , B.C. et al. (1982) JGR 87, 10059-10067. (2) Singer, R.B. (1985) Adv. Space Res. 5, 59- 
66 (3) Roush TL et al. (1993) in Remote Geochemical Analysis, K. Pieters and P. Engelhart, Eds., Un, J- 

ftess PP367 393 (4) Hand, R. et al. (1972) Icarus 17, 423-442. (5) Toon, O.B. et al. (1977) Icarus 30, 663-696. 6 
Tonlmin P III et al (1977) JGR 87 4625-4634. (7) Banin, A. and Rishpon, J. (1979) J. Mol. Evol. 14, 133-152. (8) 
T Z n A e d 199 JGR-Pllts; in press. (9) Allen, C.C. et al. (1981) Icarus 45, 347-369. (10) Singer R B (1982) 
™ 8710 59- 0168 (11) Morris, R V.. et al. (1989) JGR 94, 2760-2778. (12) Bell, J.F.III et al. (1991) JGR 95, 

14 447-14,461 (13) Banin, A. et al. (1988) Origins of Life 18, 239-265. (14) Orenberg, J. and 1 1 V^GoS? 
06 719 225 (15) Gooding J L and Muenow, D.W. (1986) Geochim. Cosmochim. Acta 50, 1049-1059. (16) Gooding, 
U et d(1991) MetSs 26 135-143. (17) Singer, R.B. et d. (1979) JGR 84, 8415-8426. (18) McCord, T.B. et d 
( 1982 HGR 87, 3021-3032. (19) Evans, D.L and Adams, J.B. (1979) PLPSC 10, 1829-183* (20) Singer R.B. et d 
noom 1 PSC XXI 1164-1165. (21) Banin, A. et al. (1992) Ch. 18 in "Mars", H.H. Kiefer, B.M. Jakosky C. Snyder and 
M.S. Matthews, Eds., Univ. of Arizona Press, pp. 594-625 (22) Gooding, J.L. et a ‘_ (1992 ^ Cl1 ' 

Men C C a2^ConX j U 199 D PLPSC 21, 711-717. (26) Arvidson et d. (1979) Nature 278, 533-535. (27) Greely, R 
a n H eVhn^iH D 0992) Science 254 996-098. (28).The work reported here was supported in part by the NASA 
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THE HYPSOMETRIC DISTRIBUTION OF IMPACT CRATERS ON 
VENUS; M. Banks, S. Emerson, R.G. Strom, Univ. of Arizona, Tucson, 
AZ, and G.G. Schaber, U.S.G.S., Flagstaff, AZ. 

The spatial and hypsometric distribution of impact craters on Venus 
places important constraints on resurfacing models. Phillips, et al. (1992) 
have shown that the spatial distribution of impact craters on Venus cannot 
be distinguished from a random distribution. This is illustrated by Figure 1 
which shows cylindrical projections of 5 Monte Carlo simulations of 932 
spatially random points compared to the distribution of the 932 craters on 
98% of Venus. If the spatial distribution can not be distinguished from a 
random one, then one would expect that the distribution of impact craters 
with respect to elevation should also be indistinguishable from a random 
one. Figure 2 is a histogram showing the percentage of all observed craters 
and the percentage of surface area in 500-m elevation bins. The histogram 
shows no more than a 1.6% difference between the percentage of craters 
and the percentage of surface area in any 500-m bin containing a crater. 
Multinomial chi square statistical tests were performed of the data set. In 
these tests probability values (P values) greater than 0.05 show “no 
evidence against a random distribution” of craters with respect to elevation. 
The P value for all categories of altitude is 0.17. However, this test is not 
as reliable because the 5 highest altitude categories contain too few craters 
per category. To achieve statistical stability the five highest altitude 
categories where combined and the observed, expected, difference, and 
“normalized difference” for altitude categories were compared. This is 
statistically more trustworthy and yields a P value of 0.31. Thus, both tests 
indicate that there is “no evidence against a random distribution” of impact 
craters with respect to elevation, with the more reliable test indicating a 
greater probability of randomness. These results are not in agreement with 
an earlier report of possible ancient terrains on Venus (Schultz, 1993), or 
crater density variations of about 10% within 2-km elevation bands 
(Herrick, 1993). Our results support a remarkably random distribution of 
craters with elevation and agree with the observed spatially random 
distribution of the crater population. Therefore, on average, the highlands 
and lowlands have the same crater density and age. In reality, there are 
surely age differences within each venusian terrain that can be determined 
by stratigraphic relations, but the correspondence in average ages suggests 
that the differences are not great on an absolute time scale. Even recent 
activity has not had a statistically significant effect on the crater population, 
which remains largely intact since it was formed. Consequently, it is not 
possible to determine relative or absolute ages of local or regional areas by 
crater densities, because the crater population has a spatially and 
hypsometrically random distribution with stochastic variations. 
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Longitud, Longitude 

Fig. 1. Cylindrical projections of 5 Monte Carlo simulations of 932 spatially random points compared to 
the distribution of the 932 craters on 98% of Venus. Note the “clusters and holes ue to s oc as 
variations, Venus is B, 



Elevation (500 meter bins) 


Fig. 2. Histogram showing the percentage of all observed craters and the percentage of surface area in 500-m 
elevation bins. 
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OBSERVATIONAL AND COMPUTATIONAL EVIDENCE FOR GRAVITATIONALLY STABLE 
PARTICLE ACCRETIONS IN THE PERSEID METEOR STREAM; J. C. Barentine, Cortez High School 

Recent results in the field of meteoroid dynamics in Short Period Comet (SPC) streams have yielded a 
new model of the stream of Comet P/Swift-Tuttle (I992t). Unusually high Zenithal Hourly Rates (ZHRs) 
noted in the Perseid meteor shower, of which P/Swift-Tuttle is the parent body, in c .1861 -65 and c. 1988- 
92 suggest a localized accretion of particles preceding and following the comet during its 135-year period 
A computer simulation of the stream appears to confirm the existence of the accretions through gravita¬ 
tional theory. The model was tested in the shower of 1993, in which outside predictions of meteoroid 
storm were not fulfilled. The lack of increased activity conforms well to the projections of the model in 
which the particle groupings correspond roughly to the L4 and L5 Lagrange points. 

After the apparition of 1862, the orbit of P/Swift-Tuttle was deduced by Sciaparelli with a return 
postulated for 1982. In 1973, B. Marsden linked the comet with an earlier observation of Comet Kegler 
1737111, changing the perihelion date to T=November 1992. 

The comet's particle shower, the Perseids features a slow rise and fall in activity about a max¬ 
imum which occurs on or about August 12 UTC. The reliability of the shower's strength, with normal rate 
of ZHR -100, is an indicator that the overall stream density is high. Observers reported a new maximum 
feature in observations beginning in 1988, with the “early" maximum several hours before the normal 
peak. This new yearly attribute grew in intensity until1991, when observers in east Asia reported a rate of 
1992 >500 ° n C 1991 Au9USt 11 7 UTC ' The unusual| y hi 9 h rate of the early maximum continued into 

These data suggested a new orbital feature within the particle stream which was moving at or 
near the orbital velocity of the parent body. The density of this feature was concluded to increase with 
respect to lime by the parallel rise in Perseid shower activity. The apparent relative motion of this particle 
mass indicates a gravitational relationship which allows the component particles to remain near the mass 
without being dispersed into the local medium. If the proper forces were exerted on the stream, it is 
possible that this feature could exist for several thousand years. Observations similar to those of 1988-92 
were noted in 1861-62, in advance of P/Swift-Tuttle’s 1862 return. This allows that the feature predates 
the aforementioned perihelion passage. Based on high ZHR's in the showers ofl 864-65, a similar 
accretion mass likely exists following the comet as well. The foundation for these proposed accretions 
was set by way of the observational evidence noted. 

The standard correction was applied to data collected from observers worldwide during the 1993 
shower and the ZHRs disnlaved in Fin i chnu/ing the high central stream concentration. This central 

peak, though, does not appear to be of a “storm" nature. 
The line shown was a smoothing spline fit, with 
lambda=0.01. 

To test the model against gravitational mechan¬ 
ics theory, a computer simulation was devised. The 
software used was the commercially-available Dance of 
the Planets (copyright 1989 Applied Research & 
Computing, Inc.) This program was chosen due to its 
wide use among both amateur and professional astro¬ 
nomers to facilitate easy reproduction of the results 
reported here. The orbital elements of P/Swift-Tuttle 
and 9 test particles included in the simulation are given 
in Fig. 2. The masses of the particles are assumed to 
be nearly zero, and are treated in the same manner as 
the comet itself in relation to the larger masses of the 
Sun and planets. The dates of perihelion of the par- 
Flg. 1 . ZHRs from the 1993 Perseid meteor tides were set in intervals of 0.1 d, five ahead of and 
shower during the period 9 to 15 August UTC. four following the comet fora total system of 10 mass- 
Data points represent averaged values compu- es. The gravitational influence of the nine planets was 
ted in decimal day intervals by the equation in allowed to act upon this system and is responsible for 
Fi 9 1 • the subsequent results. The Poynting-Robertson effect 
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(was not taken into account in this simulation, leading to a purely gravitational solution. Although exclud¬ 
ing forces lowers the accuracy of the simulation to a certain extent, the degree of accuracy attained is 
enough to encompass the results presented herein. No claims are made which place particles in exact 
locations; the precise margin of error is unknown, but presumed low as gravity is the primary source of 
displacement. The program effectively solves the equations of motion through Newtonian and Keplerian 

mechanics and integrates the ■-— ” I 

nrnrtiirts nunr time. Object e q I ” w J 


products over time. Object 9 q i w w 1 

The initial setting of the 1992t .958216 .9636 113.4266 139.4442 153.0016 1992.12123 

Simulation was for the date 6 P01 .958216 .9636 113.4266 139.4442 153.0016 1992.12118 

lannarv 4R09 BC f the setting P02 . 958216.9636 113.4266139.4442 153.0016 1992.12119 

S 00W609 in Dance ‘S mode Of P03 .958216 .9636 113.4266 139.4442 153.0016 1992.12120 

06\27.00V4609 in uance S mooe oi 9636 113 4266 139.4442 153.0016 1992.12121 

time). Execution ot the program was J }\ J 4266m4442153 . 00 , 6 , 992 .,2122 

performed on apersonal computer pQ6 ' 958216 9636 113.4266139.4442153.0016 1992.12124 

operating at 33MHz and independ- p07 959216.9636 113.4266139.4442 153.0016 1992.12125 

ently confirmed on a second po8 '959216.9636 113.4266139.4442 153.0016 1992.12126 

computer. The simulation ran p 09 .959216 .9636 113.4266 139.4442 153.0016 1992.12127 

-37500 years of time and was dis- |_.____ 1 

played through orbital diagrams. An Figure 2. Orbital elements for Comet P/Swift-Tuttle and the nine 

image at T=34609 years is shown in test particles from the computer simulation described in the text. 

Fig. 3. Particle compression begins . . 4 „ _ .. 

as they fall into three distinct areas of space: ahead of, proximal to, and behind the comet itself. Finally, 
two main areas of accretion exist, -60 degrees ahead of and behind P/Swift-Tuttle. During the simula¬ 
tion individual particles were seen to move from one accretion “lobe”, passing the comet, into the other 
lobe and back in spirals lasting over 5,000 years. Settling into the final configuration does not appear to 
halt the particles’ passage. Despite repeated passes near the Jovian planets, which ordinarily would 
severly deform ordinary cometary orbits, these accretions appear to be relatively stable, regardless of 

Jovian P®^^ a |° or s mn{eat(jre of the p erse j(j stream predicted to coincide with a locally-dense region of 
particles did not appear in 1993, the model can be analyzed to provide information regarding when this 
predicted feature will actually appear in the shower observations. Assuming that the simulation provides 
a reasonably accurate description of the orbital features of P/Swift-Tuttle, including the relative positions 
of the accretion lobes, a feature of this type is most likely to appear in 1994-95, being roughly equidistant 
in time from the comet’s perihelion T=December 12.3 1992 as the 1991 East Asia feature is The 
possibility exists that it may go unnoticed; this stems largely from the compression density of the feature, 
^ 3 which may cause it to pass the 

node at Earth’s orbit either be- 

• . fore or after the August shower 

date. However, its density is 
most likely similar to that of the 
preceeding accretion lobe; if so, 
it will be observed on time. 

A new view of such 
particle streams has emerged 
which suggests an equally 
novel approach toward studying 

1 the gravitational forces acting 

Fla 3 Orbital diagram from the described simulation at T=34609 yrs., on these particles. The particle 
dearly displaying areas of accretion. Test panicles are denoled as V streams ol other short-period 

and a two-digil identification number. cornels whose parent todjes 

a are still active ejectors should 

show similar results upon long-term examination of their meteor showers. Currently, the Leonid (P/ 
Temple-Tuttle) and the Taurid (P/Encke) streams are candidates for further work, as well as an exam¬ 
ination of the gravitational forces which allow the accretions to remain relatively stable. 


.958216 .9636 113.4266 139.4442 153.0016 1992.12123 
.958216 .9636 113.4266 139.4442 153.0016 1992.12118 
.958216 .9636 113.4266 139.4442 153.0016 1992.12119 
.958216 .9636 113.4266 139.4442 153.0016 1992.12120 
.958216 .9636 113.4266 139.4442 153.0016 1992.12121 
.958216 .9636 113.4266 139.4442 153.0016 1992.12122 
.958216 .9636 113.4266 139.4442 153.0016 1992.12124 
958216 .9636 113.4266 139.4442 153.0016 1992.12125 
958216 .9636 113.4266 139.4442 153.0016 1992.12126 
.958216 .9636 113.4266 139.4442 153.0016 1992.12127 


Figure 2. Orbital elements for Comet P/Swift-Tuttle and the nine 
test particles from the computer simulation described in the text. 
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IMPACT CRATERS AS INDICATORS OF SUBSURFACE H,0 ON MARS. 

N. G. Barlow, Lunar and Planetary Institute, 3600 Bay Area Blvd., Houston, TX 77058. 

Impact craters provide remotely sensed information about the third dimension (depth) of a 
planetary surface. Changes in the morphologies of Martian impact craters and their ejecta 
blankets have been attributed to changes in subsurface properties (1) or to interaction with the 
atmosphere (2). A combination of crater studies conducted by the author and colleagues, 
including studies of ejecta blanket morphologies, rampart ejecta blanket sinuosity, and regional 
crater depth variations, strongly suggest that subsurface volatiles dominate in influencing the 
observed features. 

Eiecta Studies: Barlow and Bradley (3) conducted a study of 3819 craters surrounded by an 
ejecta blanket distributed across the entire Martian surface. Ejecta morphologies were subdivided 
into seven classes: single lobe rampart, double lobe rampart, multiple lobe rampart, radial, 
diverse, pancake, and amoiphous. Of these seven classes, the diverse and pancake morphologies 
are found within specific diameter ranges in localized regions of the planet. The radial 
morphology is associated with small craters (generally <6-km-diameter in the equatorial region), 
craters on the flanks of volcanoes, and very large craters (generally >60-km-diameter) 

Amorphous morphologies are found around large craters as well but appear to represent highly 
weathered ejecta blankets. Double lobe rampart craters dominate in the 40°-65°N latitude range, 
with a lower concentration in the 40°-65°S latitude range. Double lobe craters exhibit diameters 
primarily in the 8-50 km range. Single lobe craters occur primarily in the 8-20 km diameter range 
within the equatorial region of Mars, giving way to multiple lobe rampart craters at larger crater 
diameters (16-45 km). However, at higher latitudes, single lobe craters extend over a larger 
diameter range (up to 60 km diameter) and multiple lobe craters are rare to non-existent. 

Ejecta Sinuosity Studies: Barlow (4) and Bridges and Barlow (5) computed the degree of 
sinuosity exhibited by 1582 single lobe, 251 double lobe and 380 multiple lobe craters across 
Mars. These studies found that the single lobe morphology displays lower degrees of sinuosity 
than the multiple lobe morphology. The outer lobe of the double lobe morphology is similar in 
sinuosity to single lobe. Inner lobe(s) of double lobe and multiple lobe craters are less sinuous 
than the outer lobe(s). Resolution does play some role in the actual sinuosity values, but the 
above relationships are seen to hold when resolution effects are taken into consideration. The 
only statistical variation of sinuosity is seen among the rampart ejecta classes-no significant 
variation in sinuosity with latitude, longitude, diameter, or terrain is seen for craters within a 
particular ejecta class. 

Crater Depth Studies: Pike and Davis (6) derived a globally averaged depth-diameter 
relationship for fresh Martian impact craters. Recent photoclinometric studies of crater depths (7, 
8) reveal that depth-diameter ratios can vary considerably across the Martian surface, probably as 
the result of changes in target properties. In areas of thick, friable deposits such as the Medusae 
Fossae formation, craters are deeper than in the equatorial plains or highlands. At high northern 
latitudes, preliminary studies suggest that fresh craters are shallower than similarly sized craters at 
lower latitudes. The lower depth-diameter ratio of craters at high latitudes has been suggested by 
previous morphologic studies to be the result of relaxation (9) and is consistent with theoretical 
models of near-surface ice deposits in these regions of the planet (10, 11). 

Summary and Discussion; The diameter-latitude variation of single lobe and multiple lobe 
rampart morphologies is consistent with the theoretical distribution of subsurface ice and water on 
Mars (10, 11), but is difficult to explain using the theory of atmospheric entrainment of ejecta (2). 
Barlow and Bradley (3) therefore prefer the theory that the rampart crater ejecta morphologies on 
Mars result from impact and vaporization of subsurface volatiles. The results from the sinuosity 
and crater depth studies also are consistent with subsurface volatiles. Combining the results of 
these studies, we propose that single lobe craters are formed from impact into predominantly ice- 
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rich targets, multiple lobe craters excavate to depths containing liquid-water/brines, double lobe 
craters result from impact into layered targets where the upper layer has a higher volatile-to-clast 
ratio than the lower layer, and radial craters result from excavation of material with an overall low 
volatile-to-clast ratio (i.e., dry materials). If multiple lobe craters result from excavation into 
liquid reservoirs, larger sinuosity values than those resulting from impact into ice-nch terrain 
would be expected. Observation of lower depth-to-diameter ratios and rampart morphologies 
around smaller craters at high latitudes supports the proposal of theoretical models and other 
geologic evidence that ice occurs at or very near the surface at high latitudes (>35 -40 latitude). 


flfca^M. H. et al. (\911)JGR, 82, 4055-4065. (2) Schultz, P^R (1992) 97, 11623- 

11662. (3) Barlow N. G. and Bradley, T. L. (1990) Icarus, 87, 156-179, (4) Barlow, N. G. 
(1994) Submitted to JGR (5) Bridges, N. T. and Barlow, N_G (1 9%9)LPSC XX ,105-106_(6) 
Pike R J. and Davis, P. A. (1984) LPSCXV, 645-646. (7) Barlow, N. G. (1992) LPSC XX11I, 
63-64. (8) Barlow, N. G. (1993) LPSC XXIV, 61-62. (9) Squyres, S-W. and Carr, M_H 
(1986) Science, 231, 249-252. (10) Fanale, F. P. (1976) Icarus, 28, 179-202. (11) Clifford, S. 
M. (1993) JGR, 98, 10973-11016. 
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A QUANTITATIVE ASSESSMENT OF AN IMPACT GENERATED RING VORTEX Olivier S. 
Bamouin and Peter H. Schultz, Dept. Geol. Sci., Brown University, Providence, R.1.02912 

Introduction: Studies show the importance of an atmosphere in the ejecta emplacement process [1,2,3,4,5] where 
an advancing ejecta curtain displaces atmosphere to form two ring vortices at its upper edge [3,6,7]. The stronger 
vortex forms near the target surface and can dominate the ejecta emplacement process by entraining and depositing 
sufficiently the fine ejecta thereby producing contiguous ramparts and/or flow lobes over a wide range of scales [3,4]. 
Theoretical studies [6,7] analytically estimated the circulation in the lower vortex generated by the advancing 
impermeable ejecta curtain and the decay of the flow velocity in the vortex. These attempts to quantify the formation 
and evolution of the lower vortex only qualitatively replicate observations made at both small and large scales. A 
refined theoretical assessment in conjunction with new experiments performed at the Ames Vertical Gun Range 
(AVGR) provide a new framework for predictions at large scales depending on target and atmospheric conditions during 
impact. 

Theory: For a small enough vortex, the impermeable ejecta curtain advancing through an atmosphere can be 
considered a semi-infinite plate [9]. A similarity solution exists for an incompressible fluid under these conditions, and 
dimensional analysis gives a circulation: 

r = 3.7V e Ht 1 / 3 (1) 

where Ve and H are the curtain velocity and height at time t after impact [9]. The exact time, impermeable length, and 
velocity of the curtain when the curtain becomes porous must be known in order to estimate the circulation accurately. 
High speed video images allows approximating these parameters at the time when the vortex essentially no longer 
gains momentum from the curtain. Since the height H measured does not account for partial permeability of the ejecta 
curtain [10], the circulation estimated using the latter variables should be greater than its actual value. 

The motion of the lower vortex can be predicted by Helmholtz’s law which states that a vortex moving in an 
irrotational flow will continue unaffected unless acted upon by another flow. Since the upper ring vortex is disrupted 
extremely rapidly [1,2,3]* the lower vortex should continue to move radially outward at the velocity imparted to it 
when the curtain becomes porous. However, this prediction does not hold true if viscous forces at the target surface 
significantly reduce the advance of the vortex. These forces may be important for small circulation Reynolds numbers 
(Re = T/v where v is the kinematic viscosity) but are not important for high Re where the viscous drag at the surface 
of the target are confined to a thin boundary layer. 

Two models estimating the decay time for the flow velocity in the ring vortex are considered. The first is the 
Oseen or Lamb vortex model for two dimensional flow [7]: 

V© = n 1 -exp(-r 2 /4vt))/2jcr (2) 

where V0 is the azimuthal velocity at r , the radial distance from core axis of the vortex, and t, time. This model has 
two forms: 1) v is equal to the kinematic viscosity and the flow in the vortex is laminar; 2) v is replaced by 
K 2 (T/vy l/2 where K is a constant and the flow in the vortex is turbulent [11]. As in [12], the radius R for an impact 
generated ring vortex is very much greater than the radius of its core r and eq.(2) should successfully describe the decay 
of these. However in [12], the ring vortex was allowed to move parallel to its axis and did not expand laterally as for 
impacts. Thus, the simple Oseen or Lamb vortex may not describe the behavior of ring vortices generated by impacts. 

To overcome this problem, a second modified Oseen vortex model includes the effect of the laterally 
expanding ring by ensuring that the kinematic energy initially imparted to the vortex is conserved, excepting for 
internal energy losses due to viscous decay already included in eq.(2). Because this energy must be conserved over the 
volume of a toroid, the circulation in the vortex must reduce by the square root of the radial distance R(t) to give: 

V©= r(R 0 /R(t)) 1 / 2 (l-exp(-r 2 /4vt))/27cr (3) 

where Ro is the vortex radius when the curtain becomes impermeable. As for eq.(2), v in eq.(3) can be modified for 
turbulent flow with T multiplied by the energy conservation factor indicated in eq.(3). 

The long-term behavior of a ring vortex does not only depend on viscous decay as described by the Oseen 
vortex model. For some cases when Re of the vortex exceeds a certain critical value [8], a ring vortex will break into a 
number of waves [8,13,14]. This occurs because at higher Re, certain instability modes grow rapidly in the vortex core 
[14]. An interesting feature is that once the critical Re is achieved, the growth rate of the waves seem to be unaffected 
by the magnitude of Re [8]. 

Observations: A series of quarter space experiments were undertaken at AVGR in order to test the theory above. 
Ring vortices were generated by using a coarse sand target, but unnecessary complications due to extensive ejecta 
entrainment in the vortex flow were avoided. A Venturi pressure gauge was used to measure the flow past the quarter 
space plate to obtain two maximum vortex flow velocities in the lower ring vortex passing by the gauge. 

As Fig. 1 shows, the experiments indicate that the outward motion of the lower ring vortex is unaffected by 
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viscous drag affects, confirming theoretical expectations. 

Table 1 compares the initially generated circulation obtained by eq.(l) to that obtained by eq.(2) and eq.(3), for 
both laminar and turbulent flow for three sample experiments. The magnitude of T from eq.(2) and eq.(3) for laminar 
flow are much less than values from eq.(l). Hence, flow in the these ring vortices are not laminar. Model (2) for 
turbulent flow generates T values which are still significantly less than T obtained from eq.(l). Model (3) for turbulent 
flow does the best job in duplicating the values from eq.(l). Furthermore, the values of T obtained by the latter model 
for both vortex velocities measured, very nearly equal each other as expected theoretically. The discrepancy between T 
calculated by eq.(l) and eq.(3) for the turbulent case for shot 931010 and 931015 may be explained by the 
overestimation of H in eq.(l) described above. Thus, the modified energy-conserving Oseen vortex model appears to 
describe adequately the decay of the vortex prior to its possible breakdown. 

Although the observed vortices are turbulent, their Re are not sufficient to cause the breakdown of the lower 
ring vortex into dominant wave modes. At higher atmospheric pressures with fine grained target, the large Re results 
in an initially stable circular lower ring vortex that scours the inner rim and generates flow lobes attributed to the break 
up of the ring vortex into waves [3]. 

Discussion: Laboratory results illustrate certain aspects of the behavior of impact -generated ring vortices that 
should apply at large scale. First, they indicate that these vortices are turbulent. Second, they show that the outward 
motion of the ring vortex is unaffected by the surface. The breakdown of the vortex cannot be then attributed to surface 
shear effects; rather its occurance reflects instabilities in the vortex flow as described in [9,13,14] . Third, prior to the 
vortex break up by these instabilities, the magnitude of the flow in the vortex can be described by eq. (3) although it 
should be modified for incompressible flows. Fourth, multiple lobes can be explained by a variety of means: 1.) 
Concentric contiguous distal ramparts result from a simply decaying circular ring vortex enhanced by a bimodal target 
distribution [3,7]; 2) A contiguous rampart surrounded by multi-lobate flow-like structures could indicate vortex 
breakdown: sudden growth of a vortex core instability growth forms the rampart while the unstable ring vortex forms 
the flow lobes ; 3) Several lobate structures could be a combination of the above processes plus flow separation at the 
distal ejecta edges and autosuspension [3]. 


DC 



Fig. 1: Vortex position as function of time 
indicating a constant advancing velocity . 


Table 1: Comparison of circulations obtained from ring vortex flow velocities measured 


shot 

T from 
eq(l) 

T from eq(2) for 
laminar flow 

T from eq(2) for 

turbulent flow 

T from eq(3) for 
laminar flow 

T from eq(3) for 
turbulent flow 

931009 

0.0460 

0.0070 

0.005 

0.0232 

0.0159 

0.0165 

0.0160 

0.0545 

0.0485 

931010 

0.0851 

0.0049 

0.003 

0.0143 

0.0084 

0.0091 

6.0078 

0.0266 

0.0200 

931015 

0.0951 

0.0070 

0.005 

0.0251 

0.0147 

0.0108 

0.0094 

0.0384 

0.0294 


Values for T are in m^/s 

References: [1] Schultz, P.H. and D.E. Gault (1979) JGR 84, 7669-7687. [2] Schultz, P.H. and D.E. Gault (1982) GSA 
special paper 190, p. 153-174. [3] Schultz, P.H. (1992a) JGR 97, 11623-11662. [4] Schultz, P.H. (1992b) JGR 97, 
16183-16248. [5] Schultz, P.H. and J. Grant (1989) LPSC XX, 972-973. [6] Bamouin, O.S. and P.H. Schultz (1992) LPSC 
XXIII , 65-66. [7] Bamouin, O.S. and P.H. Schultz (1993), LPSC XXIV , 63-64. [8] Saffman, P.G. (1978) JFM 84, 625- 
639. [9] Anton, L. (1939) Ing . Archiv . 10, 411-427. [10] Schultz, P.H. and Bamouin, O.S.(1994), LPSC XV, (in this 
issue). [11] Owen, P.R. (1970) Aero . Quart. XXI, 69-78. [12] Sallet, D.W. and Widmayer, R.S. (1974) Z. Flugwiss . 22, 
207-215. [13] Widnall, S.E. and Sullivan, J.P. (1973) Proc. R . Soc. Lod. A 322, 335-353. [14] Widnall, S.E. and Tsai, 
C.Y. Phil. Trans. R. Soc . Lond. A 287, 273-305. 
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CONCENTRIC WRINKLE RIDGE PATTERN AROUND SIF AND GULA; AXBasilevsky; Vernadsky 
Institute, Moscow, 117975, Russia 

Summary. Wrinkle ridges were mapped on plains around Sif and Gula Montes. Their trends show a prominent 
concentric pattern around Sif and Gula topographic rise. Wrinkle ridges correspond to a quite early stage of the 
Venus stratigraphy while Sif and Gula are relatively young and their lavas are not deformed by the ridges. This 
probably means that during the time of wrinkle ridge emplacement at the place where now are Sif and Gula there was 
a topographic rise or other object prominent enough to diverge the wrinkle ridges. 

Introduction. Wrinkle ridges are abundant on most venusian plains [1,2]. Plains with wrinkle ridges (Pwr) is a 
distinct stratigraphic unit manifestaring one of the major, if not the largest, episodes of volcanic resurfacing of 
Venus of about 500 m.y. ago [3,4]. Previous studies showed both evidence for existence of two or more differently 
oriented sets of these compressional features with butting and zig-zagging relations indicating on their formations at 
different times [5] and globally organized distribution of wrinkle ridge trends indicate a global stress control [6] that 
probably favors the idea of wrinkle ridge formation more or less synchronously, but of course not instantly, ail 
around the planet Our study is a step in inferring the history of tectonic stresses in the area of two outstanding 
volcanic edifices of Venus - Sif Mons and Gula Mons. 

Data. We have mapped all recognizable wrinkle ridges at the area centered on Sif Mons and Gula Mons from 11 
to 32 deg N and from 337 to 10 deg E based on Cl-MIDRP's but involving F-MTORFs for reliable identification of 
the features. The resulting picture was photographically reduced and generalized and superposed on the generalized 
geologic map of this area (see Figure). The units predating Pwr in this area are tessera (Tt), densely fractured terrains 
in coronae (COdf) and among die plains (Pdf), and plains with broad ridges and fractures (Pfr). They are also typical 
for other areas of Venus [3,4], Lavas emerging from Sif and Gula edifices and fractures of the Guor Linea rift zone 
(Rfa) are the units postdating Pwr. 

Discussion and conclusion. The results of our mapping show that wrinkle ridges at the plains around Sif and 
Gula form a prominent pattern which is concentric to the Sif-and-GuIa rise thus resembling a concentric pattern of 
wrinkle ridge trends around Aphrodite Terra [6]. In some areas, e.g. SW of Sif, wrinkle ridges form at least two sets 
with different orientation but this does not violate the general concentric pattern. Diverging compressional features 
around topographic highs is the expected phenomenon [5]. The surprising part of this is the fact that lavas 
composing Sif and Gula constructs are definitely younger than Pwr and not involved in the ridging. These two giant 
volcanoes because of their topographic prominence and asociation with the rift system are believed to represent the 
latest part of geologic history of Venus [7]. Meanwhile extreme rarity of impact craters deformed by the regional 
network of wrinkle ridges [8] is evidence that the wrinkle ridge emplacement occured within a very short period of 
time after the plain-forming lavas eruptions. This observation places the ridge emplacement close to about 500 m.y. 
ago [8]. This situation evidently means that during the time of wrinkle ridge emplacement at the place where are now 
Sif and Gula there was a topographic rise or some other object prominent enough to diverge passively the wrinkle 
ridges. Alternatively the wrinkle ridges pattern around Sif and Gula might be controlled in a more active way due to 
coupling of lithosphere with the upwelling and horizontally spreading plume or due to outward stresses around 
gravitationally relaxing topographic rise [9,10]. Actually all these options are very much interrelated in demanding 
the upwelling plume at the time of wrinkle ridge emplacement This implies, in turn, that that the rising hot plume 
in the planet's mantle, which supposedly caused the Sif and Gula volcanism, produced its geologic effect on Venus' 
surface during a few hundred million years. 

REFERENCES. 1) Solomon S.C. et al.. Science, 252, 297-312, 1991; 2) Solomon S.C. et al., JGR, 97, 
13,199-13,255,1992; 3) Basilevsky A.T. & Head J.W., (in preparation); 4) Basilevsky A.T. & Head J.W., LPSC 
XXV Abstracts, this volume, 1994; 5) McGill G.E., GRL, 20, 2407-2410,1993; 6) Bilotti F. et al., LPSC XXIV 
Abstracts, 107-108,1993: 7) Head J.W. et aL, JGR, 97, 13,153-13,197, 1992; 8) Schaber G.G.et aLJGR, 97, 
13,257-13301, 1992; 9) Senske D.A. et al.. JGR.97, 13,395-13,420, 1992; 10) Grimm R.E. & Phillips RJ... 

JGR, 97, 16,035-16,054, 1992. 
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PRELIMINARY STRATIGRAPHIC BASIS FOR GEOLOGIC MAPPING OF VENUS; A. T. Basilevskyl .2 
and J. W. Head 2 ,1) Vernadsky Institute, Moscow 117975 Russia, 2) Dept. Geol. Scis., Brown Univ., 
Providence, Rl 02912 USA 

SUMMARY. The age relations between geologic formations have been studied at 36 1000x1000 km 
areas centered at the dark paraboloid craters. The geologic setting in all these sites could be characterized 
using only 16 types of features and terrains (units). These units form a basic stratigraphic sequence (from 
older to younger): 1) Tessera (Tt); 2-3) Densely fractured terrains associated with coronae (COdf) and in 
the form of remnants among plains (Pdf); 4) Fractured and ridged plains (Pfr); 5) Plains with wrinkle ridges 
(Pwr); 6-7) Smooth and lobate plains (Ps/PI); and 8) Rift-associated fractures (Fra). The stratigraphic 
position of the other units is determined by their relation with the units of the basic sequence: 9) Ridge 
belts (RB), contemporary with Pfr; 10-11) Ridges of coronae and arachnoids annuli (COar/Aar), 
contemporary with wrinkle ridges of Pwr; 12) Fractures of coronae annuli (COaf) disrupt Pwr and Ps/PI; 
13)Fractures (F) disrupt Pwr or younger units; 14) Craters with associated dark paraboloids (Cdp), which 
are on top of all volcanic and tectonic units except the youngest episodes of rift-associated fracturing and 
volcanism; 15-16) Surficial streaks (Ss) and surficial patches (Sp) are approximately contemporary with 
Cdp. These units may be used as a tentative basis for the geologic mapping of Venus including VMAP. 
This mapping should test the stratigraphy and answer the question of whether this stratigraphic sequence 
corresponds to geologic events which were generally synchronous all around the planet or whether the 
sequence is simply a typical sequence of events which occurred in different places at different times. 

INTRODUCTION. High-resolution global Magellan imagery provides an opportunity to analyze the 
stratigraphic relations among various features and terrains on Venus. In this work an analysis of 
stratigraphic relationships between 36 impact craters with dark paraboloids and other geologic formations 
at these localities has been done. The age relations were analyzed at the areas of about 1000x1000 km 
centered at the craters. Due to the nature of impact cratering the study areas seem to be randomly 
distributed on the surface of Venus. 

STRATIGRAPHIC UNITS. We could characterise practically all geologic situations in all 36 sites using 
only 16 major types of features and terrains (units, see figure): 1)Tessera (Tt) represents intersecting 
ridges and grooves and forms continental-like blocks and small islands standing above and embayed by 
adjacent plains; 2-3) Densely fractured terrains associated with coronae (COdf) or forming outliers among 
the younger plains (Pdf); 4) Fractured and ridged plains (Pfr) forming remnants usually among plains with 
wrinke ridges; a typical characteristic of Pfr is the presence of relatively broad (5-10 km wide) ridges tens of 
km long; 5) Ridge belts (RB) consisting of clusters of densely spaced 5-10-km-wide ridges; 6) Plains with 
wrinkle ridges (Pwr); 7) Ridges of corona annulus (COar), outline sectors of annulus of many coronae, 
typically are in structural alignment with neighboring wrinkle ridges of plains; 8) Ridges of arachnoid 
annulus (Aar), practically are a part of Pwr wrinkle ridges network; 9)Smooth plains (Ps); 10) Lobate plains 
(PI); 11) Fractures of corona annulus (COaf), usually sparsely spaced thus differing from COdf; 12) 
Fractures (F), identified as a separate unit only if they disrupt Pwr or younger units; 13) Rift-associated 
fractures (Fra), form swarms and clusters of subparallel and anastomosing faults as a rule in association with 
topographic troughs (chasmata); 14) Craters with associated dark paraboloids (Cdp), represent the 
youngest 10% of the Venus impact crater population [4]; 15) Surficial streaks (Ss), commonly darker than 
the background terrain, have been interpreted to be of eolian origin [5]; Surficial patches (Sp), radar-dark, 
tend to be in local topographic lows and against or behind positive topographic obstacles. 

STRATIGRAPHIC RELATIONS AMONG THE UNITS. We used standard techniques for the 
determination of relative stratigraphic position [6] for each of the 36 areas establishing a stratigraphic 
column at each site, and then examined the relationship (correlation) between the columns to search for 
common themes in the sequence of events. The results of our analysis have shown that the stratigraphic 
sequences in all studied sites are quite similar and may be combined into a model of Venus regional and 
global stratigraphy (Table). 

DISCUSSION. The similarity of stratigraphic columns in all 36 studied sites means that either this 
unit's sequence corresponds to geologic events which were generally synchronous all around the planet, 
or the sequence simply reflects a typical sequence of events which occurred in different places at 
different times, thus representing a regional tectono-magmatic cycle. The systematic mapping of Venus 
(VMAP program) gives a chance to resolve this alternative. Prioritizing approaches for this seems to be: 1) 
global-wide mapping of stratigraphically sliced structural trends (ridges, faults, tessera-forming elements) 
to judge whether they display a globally organized system or they are dominated by regional components; 
2) analysis of relations of major stratigraphic units with such geologically instant phenomena as formation 
of major channels (e.g. 6,800 km long Hildr channel) [1] or crater-associated dark paraboloids [2,4]; 3) 
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analysis of the internal structure of the impact crater population [3] and subpopulations (percentage of 
craters embayed by volcanoes, deformed by tectonics). Our approach of random sampling may have left 
unsampled some major geologic formations, and indeed the mountain ranges of Akna, Freyja and Maxwell 
Montes have not been sampled, so the stratigraphic position of these unique geologic formations, 
important for the study of Venus, is still unclear. These and others gaps in the global stratigraphy model 
should be filled by systematic mapping (VMAP). 

CONCLUSION. This study has shown that major mapped stratigraphic units can be indentified on 
Venus. Mapping of such units in 36 randomly distributed regions shows evidence for a distinctive regional 
and global stratigraphic sequence. This sequence, in turn, provided evidence for a stratigraphic model 
that highlights several major themes in the history of Venus: "catastrophic" tessera formation in the period 
prior about 500 m.y. ages, subsequent episodes of plains-forming volcanism alternated with episodes of 
extensional fracturing and compressional ridging, and geologically recent rifting and some associated 
volcanism. The systematic mapping gives a chance to test and improve our stratigraphic model and to 
resolve the alternative of the global vs. regional character of observed time sequence of geologic events. 

References: [1] Baker V.R. etal., JGR, 97,13,421-13.444,1992. [2] Basilevsky A.T. GRL, 20, 883- 
886,1993. [3] Ivanov M.A. and Basilevsky A.T., GRL, 20, 2579-2592,1993. [4] Campbell D.B. et al., JGR, 
97, 16249-16,277, 1992. [5] Greeley R. etal., JGR, 97, 13,319-13,345,1992. [6] Wilhelms D.E., in 
Planetary Mapping, R. Greeley and R.M. Batson eds., 208-260, Cambridge University Press, NY 1990. 


VENUS STRATIGRAPHY UNITS 

. ~' Zir *&3&*‘* t 


VENUS REGIONAL AND GLOBAL STRATIGRAPHY 


Stratigraphic 

Column 






































LPSCXXV 


67 


GEOLOGY AND MORPHOMETRY OF LARGE IMPACT CRATERS OF 

YENUS; A.T.Basilevsky(l), B.A.Ivanov(2), P.G.Ford(3) and C.M.Weitz(4); (l)Vernadsky 
Institute, Moscow, 117975, Russia; (2)lnstitute of Dynamics of Geospheres, Moscow, Russia; 
(3)MIT, Cambridge, MA 02139; (4) Brown University, Providence, R.I., 02912. 

SUMMARY . Photogeologic analysis of the 3 largest craters on Venus (Mead, Isabella and 
Meitner) showed a presence of wrinkle ridges on the crater's floor. It seems to contradict the crater 
relaxation model which predicts the crater floor uprise. The precise altimetry of large impact craters 
shows the presence not of floor uprising but shallow central depressions. This may be caused by 
the subsidence of the uplifted blocks of dense mantle material beneath the crater center. 

INTRODUCTION . The low resurfacing rate typical for the last 0.5 b.y. of Venus' history 
and global coverage of this planet by the Magellan high resolution radar survey make Venus an 
interesting place to study impact craters formed by projectiles large enough to penetrate through the 
planet's massive atmosphere. Our study is concentrated on the analysis of SAR imagery and 
altimetry data for the largest four impact craters of Venus: Mead, D=280 km; Isabella, 175 km; 
Meitner, 150 km; Klenova, 140 km. We used in our analysis full resolution mosaics and altimetry 
data specially processed to distinguish separate nearby echos placed in the nadir zone surfaces with 
different elevations. 

PHOTOGEOLOGIC DESCRIPTION. Crater Mead (12.5° N, 57.2° E) is a double-ring 
basin among the plains with wrinkle ridges (Pwr). Remnants of densely fractured terrain (Pdf) and 
ridge belts (RB) are observed among Pwr. Both Pdf and RB are embayed by Pwr. The outer ring 
of the Mead basin is the crater rim consisting of degraded remnants of knobby crater ejecta 
alternating with plains, areas of which have wrinkle ridges, and areas which seem to be covered 
with aeolian debris mantle hiding the wrinkle ridges. Remnants of the Mead ejecta look 
superimposed on the said remnants of ridge belts (11.5° N, 58.7° E). The inner ring of the basin 
(D=180 km) is an inward-looking scarp of sinuous outline. The annular area between the outer and 
inner rings looks quite similar to the rim area: patches of plains alternating with knobby ejecta. In 
some cases plains of the crater rim merge into plains of the inter-ring annulus (11.8° N, 56.1° E). 
Wrinkle ridges are seen at some places of the inter-ring plains too. In the western part of the inter¬ 
ring annulus Pwr look as if they are embaying the ejecta patches. The basin floor inside the circle 
scaip is more radar-bright than the inter-ring and rim area plains. The scarp cuts the terrace of the 
inter-ring annulus and, in turn, looks as though embayed by the said brighter plains of the basin 
floor. The latter in its north-central part is complicated by sinuous lineaments, at least part of which 
are wrinkle ridges, but they are shorter, more narrow and more irregularly oriented than the 
wrinkle ridges of the surrounding plains. These observations provide the possibility of deducing a 
scenario of geologic history of the crater Mead area: The Mead basin was superposed on the plains 
with ridge belts (RB). Then younger plains later deformed by wrinkle ridges (Pwr) were emplaced 
outside the crater, in the inter-ring annulus, and probably on the basin floor. Then the inner scarp 
was formed and the brighter plains were emplaced in the depression outcircled by this scarp. It is 
not clear whether all wrinkle ridges of this area were emplaced in one episode or in two separate 
episodes, first, wrinkle ridges of the regional network and inter-ring annulus, and, second, the 
wrinkle ridges of the basin floor. 

Crater Isabella (29.7° S, 204.1° E) is a double-ring basin superimposed on the plains with 
wrinkle ridges (Pwr). The outer ring is the crater rim, mostly covered with knobby ejecta. In the 
southern sector of the crater the blocky material of the crater floor merges with the knobby material 
of the crater rim. This part of the ejecta is a source of two extended outflows. The central part of 
the basin is outlined by the annulus of lineaments (fractures?) which forms the inner ring of about 
80 km in diameter. Between the lineaments circle and the outer rim there is an alternation of plains 
and blocky material of the primary crater floor. Inside the inner ring there are plains with a 
subradial system of wrinkle ridges. The latter were definitely formed after the basin excavation and 
emplacement of the plains of the basin floor. Meanwhile the wrinkle ridges of the regional network 
on the plains outside crater Isabella were formed before this crater was emplaced. This is proved 
by the overlapping of the wrinkle ridges by the crater outflow (33° S, 205° E) and by the intrusion 
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of the outflow material into the fracture which belongs to the system disrupting wrinkle ridges of 
the regional network. 

Crater Meitner (55.6° S, 321.6° E) is a double-ring basin. The outer ring is the crater nm 
covered with knobby ejecta. Among the ejecta there are volcanic domes, some of which look partly 
covered by ejecta, and some which look emplaced after the ejecta. No outflows are seen in 
association with crater Meitner. The inner ring (D=90 km) is an annulus of knobby terrain elevated 
over die basin floor. The area between the inner and outer rings is plains with knobs among them 
similar to those which make the inner ring. The basin floor inside the inner ring is plains with 
wrinkle ridges forming a concentric system on the periphery and a subradial system in the center. 
Small domes similar to the volcanic domes of the venusian plains are seen on the basin floor. 

Crater Meitner is superposed on the plains with wrinkle ridges with predominant NE trending. The 
wrinkle ridges are covered by the crater ejecta and in some cases show through the ejecta. In the 
eastern sector of the ejecta a wrinkle ridge showing through the ejecta comes very close to the 
inward-looking crater rim scarp with no changes in the ridge prominence and its NE trending. If 
the wrinkle ridges were formed after the crater the stress forming this on-rim ridge would be 
impossible. In the NW sector the emplacement of the ejecta seems to be controlled by the 
preexisting wrinkle ridges. So crater Meitner like crater Isabella has on its floor a set of wrinkle 
ridges formed after the crater emplacement while the wrinkle ridges of the regional network were 
formed in a different episide before the crater formation. 

DISCUSSION. The presence of wrinkle ridges on the craters' floors seems to contradict 
the model of crater relaxation [1] predicting the crater floor uprising in this process. If this 
prediction was correct we would see fractures rather than ridges on the crater floor. Moreover the 
precise radar altimetry for the venusian craters larger than 70 km in diameter [2] did not show the 
evidence of the floor uprising predicted by [2]. The reason for this disagreement between the 
prediction and observations could be the initial state of compensation of large venusian craters 
which seems to be different from that supposed by [li¬ 
lt is well known from terrestrial experience that in the center of complex craters the structural 
uplift of rocks exists with an amplitude of D/10 relative to the initial depth [3,4]. If we adopt the 
same amplitude for Venus, craters with diameters 150 to 300 km would have an uplift with 15 to 
30 km amplitude. So for the largest craters the significant uplift of the dense mantle material might 
exist just after a crater formation. Geophysical evidence of the mantle uplift have been analyzed for 
lunar basins by Bratt et.al. [5]. According to [5] the mantle uplift subsides down with time. If this 
style of relaxation is the case for Venus, one may propose the model of initially overcompensated 
craters with the downward subsiding of the mantle uplift (and the crater floor) due to viscous 
relaxation. In this case the maximum depth of a crater may increase, not decrease, with geologic 
time. 

CONCLUSION. The Magellan specially processed altimetry profiles [2] demonstrate the 
relatively small central depression at the flat floor of some of the Venusian craters larger 70 km. 
These depressions may be a manifestation of the "downward mantle relaxation." If so: (i) a viscous 
relaxation model for initially overcompensated craters may give an additional possibility of 
estimating rheological properties of Venus rock; and (ii), the surface layer of these craters' floor 
should be affected by compression rather than extension. 

REFERENCES. 1. Grimm, R.E., and Solomon, S.C. (1988) J. Geophys. Res., 93, 
11,911-11,929; 2. Ivanov B.A., and P.G.Ford.(1993) LPSC 24, 681-690; 3. Ivanov B.A. and 
A. T. Basilevsky (1979) LPSC X, 607-609; 4. Grieve, R.A.F., P. B. Robertson, and 
M.R.Dence (1981) Constraints on the formation of ring structures, based on terrestrial data, In 
Multi-Ring Basins (P.H.Schultz and R.B.Merrill eds.), pp.37-57, Pergamon Press, New York; 

5. Bratt, S.R., S.C.Solomon, and J.W.Head (1985) J.Geophys Res., 90, 12,415-12,433. 
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VARIATIONS IN MARS' NORTH RESIDUAL POLAR CAP FROST COVERAGE IN 
MARINER 9 AND VIKING IMAGES D. S. Bass (UCLA), K. E. Herkenhoff (JPL) and D A 
Paige (UCLA) 

A comprehensive study of orbiter images of Mars' north residual polar cap frost has been 
undertaken to determine whether frost differences can be used to qualify interannual cycles of 
deposition-and-erosion. Examination of Mariner 9 and Viking Orbiter north polar data shows 
dramatic changes in frost coverage at the cap edge between images obtained at approximately the 
same solar longitude. Further study should lead to conclusions regarding residual cap frost 
distribution and its relationship to intemannual cycles. 

Current research concerning the nature of Mars' residual polar ice and associated layered 
terrains has not included a systematic study of frost coverage as observed in Mariner 9 and 
Viking Orbiter datasets. Limited regions have been examined, yielding evidence that points to 
interannual variations of deposition-and-erosion cycles rather than seasonal cycles. It has been 
reported that high resolution Viking photos show large disappearances of frost on the north polar 
cap [1], Further, Kieffer [2] and Paige et al. [3] have noted the disappearance of a frost outlier 
near Chasma Boreale at 80.2 N, 44 W. Comparisons of Mariner 9 images with those taken 
approximately three years later by the Viking 2 Orbiter show a marked increase in frost coverage, 
suggesting that layered deposits may be forming in these areas over an interannual time scale. 

We have begun a detailed study of residual cap frost changes as observed in Mariner 9 
and Viking data. By examining Mariner 9 data of the north polar cap from L s =90 to L s =180, we 
have found eleven high resolution and four low resolution images that show changes in frost 
coverage when compared to Viking photo mosaics. In each case, there is more bright frost in the 
Viking images than in the Mariner 9 photos. Cursory examination of approximately 200 Viking 
observations of the north polar cap show even more dramatic differences in the residual cap 
outline. 

For example, a Mariner 9 image (center: 80.1 N, 265.6 W) taken at L s =97 has less bright 
frost than that in a Viking mosaic (center: 82 N, 265 W) at L s =117 and L s =134 (Figures 1, 2). 
The darkest regions in the figures are sand, while the intermediate areas constitute polar layered 
deposits, and the brightest regions are composed of exposed water ice. Clearly, the Viking 
orbiter image has substantially more bright frost than the Mariner 9 image. Further, the Mariner 
9 photo shows less bright frost on the plateaus and also in the troughs than the Viking mosaic. 
The faint outline of frost in the lower right-hand comer of the Viking image (Figure 2) is also 
interesting to note, as the similar although brighter feature is visible in the earlier Mariner 9 
photo. The differences are quite pronounced, leading to the questions of whether dust has been 
deposited on top of the ice or whether the ice has sublimed, exposing a fresh surface. An 
extended database of frost distribution differences should provide answers to these questions. 

References 

[1] James, P. B. and Martin, L. (1985) Bui. Amer. Astron. Soc., 17,735. 

[2] Kieffer,H. H. (1990) JGR, 96, 1481-1493. 

[3] Paige, D. A. et al. (1994) JGR, in press. 
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SINGLE AGGLUTINATES: A COMPARATIVE STUDY OF COMPOSITIONS OF 
AGGLUTINITIC GLASS, WHOLE-GRAIN, BULK SOIL, AND FMR; A. Basu, R. 
Robinson (Dept. Geol. Set., Indiana U„ Bloomington, IN 47405), D.S McKav D P 

Ho^torTX^OSgT 18 (NASAJSC ’ H ° USt0n ’ TX 77058) ’ and SJ ’ Wentworth (LESC, 

INTRODUCTION. Previous workers on single agglutinates have variously 
interpreted the composition of agglutinitic glass to represent impact melts of (a) bulk soil, 
(b) mixed components in finer sizes, and (c) micro-targets [1,3,4,8,10]. Separately, Papike 
has argued in favor of fusion of the finest fraction of bulk soils [13], 

SAMPLES AND ANALYSIS. We hand-picked 34 single agglutinates from the 
mature Apollo 16 soil 61181 (I/FeO = 82) and measured the FMR and chemical 
composition (INAA for Fe, Sc, Sm, Co, Ni, Cr) of each agglutinate particle. Thirteen of 
these single agglutinates were selected for electron beam microanalysis and imagine We 
have analyzed <lpm spots (for Na, Mg, Al, Si, P, S, K, Ca, Ti, Cr, Mn, Fe, Ni, Ba) on W 
glassy areas (approximately ten in each particle) selected on the basis of optical and BSE 
images (avoiding all clasts and inclusions) with a CAMECA SX50 electron microprobe to 
obtain average glass compositions of each single agglutinate. 

GLASS COMPOSITIONS AND 61181 SOIL COMPOSITION. Our data show a 
very strong negative correlation between (Al 2 0 3 +Ca0) and (MgO+FeO) and a positive 
correlation between MgO and FeO, suggesting that the distribution of felsic and mafic 
minerals in the target generally control the composition of the melt (figs. 1,2). MgO 
( 1.91%) in the glass of particle #48 is about twice the average of the rest. Relative to 
average agglutinitic glass in this soil, this grain has higher Si0 2 and much lower A1 2 0 3 and 

CaO indicating that some bronzitic pyroxene dominated the micro-target that melted to form 
the glass of particle #48. 

Our average agglutinitic glass composition deviates from that of the bulk soil 
composition [12]. Specifically, NaA K 2 0, and BaO are depleted in the glass relative to the 

b f^ Dcin U ? geStinS that fine grained mare basalt mesostasis material or fine grained matrix 
o REEPy breccias did not melt preferentially to produce these agglutinates (although 
preferential vapor loss of these components is also a possibility). However, P O TiO 
MnO and NiO are enriched in the glass suggesting that melted apatite, ilmenite, and some 
meteontic component are enriched in the glass 

COMPARISON WITH WHOLE-GRAIN COMPOSITION. No correlation is evident 
between the total Fe content of each grain and the concentration of either Ni in the grains or 
S0 2 in the glass (fig. 3). If S and Ni primarily represent meteontic components, then the 
otal Fe in the 13 grains is largely indigenous (i.e. of lunar sources). The lack of correlation 
between concentrations of Ni in the glass and that in the whole agglutinate further confirms 
that the projectile composition does not significantly control composition of agglutinitic 
glass. An enrichment of S in the glass could come from incorporation of S vapor-coated 
submicron grains in the glass [9], There is a weak but not a 1:1 correlation between FeO in 
the glass and the whole particle (fig. 4) indicating that the clast population in an agglutinate 
represents the micro-target from which the glass was produced, only in part. This suggests 
that dust grains on the lunar surface are distributed somewhat inhomogeneously at the scale 
ol single agglutinate production by micrometeoritic bombardment. 
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COMPARISON WITH WHOLE-GRAIN FMR (I/FeO). I/FeO depends primarily 
on the production of single domain Fe° by reduction of FeO from silicate and oxide 
minerals in micrometeoritic impact melts of lunar dust impregnated with solar wind 
hydrogen [5,6,10]. The process is independent of the composition of any Fe-bearing micro¬ 
target 8 A plot of major oxides in agglutinitic glass vs. I/FeO confirms that bulk 
compositions of agglutinitic glass are independent of maturity If however some 
ae£lutinates are repeatedly melted i.e. recycled into newer agglutinates, FeO in the g 
^further reduced^ partitioned into single domain Fe“. Ideally ten glass!•" ^ "tore 
mature agglutinates will tend to have lesser concentrations of FeO and more Fe than t 
elass in a less mature agglutinate of the same bulk composition. 

REFERENCES : [1] Basu, A. & McKay, D.S. (1985) PLPSC xV^&UtIa] 
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8 Ho“h.-N & Taylor. L.A. (1977) PLSC 8th. 3 «5-3656. [9] Keller. LJ*.®d 
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mare basalts Implies that melting began a. a minimum depth of 2^km '" ^ S ° Ur ° e re9 '° n ° f 

Calculations of the lu/Hf ratio of liquids l--- t-:_ ___ 

produced from melting different sources with „SUr „V, / “““ 

varying modal and melting proportions indicate mare ] l T RESIDUE I 

that a source similar to that proposed by Snyder 2.6 -basalts / f / 

et al. [6] for mare basalts, except with garnet o olIti / j 7 ^ 

instead of plagioclase, can produce the required “ ZST* I / \ 

low Lu/Hf ratios in liquids, given that their source ^ 2I- T|lme "*«// • / ^ x./J 

must have a high Lu/Hf ratio (Fig. 1). s a^/l • / ' ° * 

Considering the extremely low Lu/Hf D-value 1 —^ o / S' S 

ratio of ilmenite (0.17; [3]) it is unlikely that “15 - / oc*^ / S residue 

ilmemte can be in the residue after partial / *7 / ' \ 

melting unless garnet is in the residue as well / V / . X 1NR ~ LT 

(Fig 1). In figure 1 the [Lu/Hf] n (chondrite /on n./ _ 

normalized Lu/Hf) of the source (y-axis) is 05 1 ^ 1 — 

calculated assuming derivation from a 4.4 b.y. I Lu/Hf l n lava 

old source with an e Hf value of 0 and the Figure 1: Chondrite normalized Lu/Hf ([Lu/Hf] LAVA) 
crystallization ages and initial e Hf values of [2], ratio measured for mare basalts (x-axis) relative to 
if this 4.4 Ga source was assumed to have an f he calculated [Lu/Hf] n of the source based on the 

e Hf value less than 0 [e.g., 7], then the samples initial e Hf value of the lava (y-axis; see text for 

would plot at even higher [Lu/Hf] n SOURCE calculation method). Melting fields calculated from 
values. Note that the sources used in these non-modal batch melting of 1% (left side) to 20% 

melting calculations only differ by the presence (nQ^t side) material with garnet in the residue (solid 

of garnet (solid lines) or plagioclase (dashed lines), and 1% (left side) to 20% (right side) material 

lines). Similar melting calculations preformed with plagioclase in the residue (dashed lines); modes 

using the Sm-Nd system are equivocal because and meltin g proportions and D-values for these 
the Sm-Nd system does not effectively calculations are in table 1. Ovals indicate, from left 

discriminate between these different source to ri 9 ht - 5% < 10% . and 15% partial melts. All mare 
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□ Low-K // 


20% MELT 
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Figure 1: Chondrite normalized Lu/Hf ([Lu/Hff n LAVA) 
ratio measured for mare basalts (x-axis) relative to 
the calculated [Lu/Hf] n of the source based on the 
initial e„ f value of the lava (y-axis; see text for 
calculation method). Melting fields calculated from 
non-modal batch melting of 1% (left side) to 20% 
(right side) material with garnet in the residue (solid 
lines), and 1% (left side) to 20% (right side) material 
with plagioclase in the residue (dashed lines); modes 
and melting proportions and D-values for these 
calculations are in table 1. Ovals indicate, from left 
to right, 5%, 10%, and 15% partial melts. All mare 
basalt data from Unruh et al. [2], 


. , -— WVMI VV ~ ' I-- - 1 t Ml I I IUI V 

mineralogies (Fig. 2). basalt data from Unruh et al [2] 
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ROLE OF GARNET IN THE LUNAR MANTLE: 


Hf ISOTOPIC CONSTRAINTS: Beard, Snyder, andTaytor 


the correct P and T conditions. Pressures >12 
kbar can stabilize garnet [ 8 ], which corresponds 
to a depth of approximately 275km [9]. If garnet 
in the upper mantle of the Moon was a result of 

phase transformations involving plagioclase, then 

it is interesting to speculate on how plagioclase 
was brought down to such depths. A likely 
scenario for bringing plagioclase into the deep 
lunar mantle is by convective overturn of the 
lunar magma ocean cumulate pile [e.g., 10 ]. 
Such convection, however it occurred, does not 
require complete mixing of the cumulate pile. 
For example, the geochemical similarities of 
high-Ti mare basalts from different areas on the 
Moon point to source regions that have 
maintained their chemical integrity. Indeed, 
experimental models of convection reveal that 
complete homogenization is unlikely to occur 

unless convection is prolonged [ 11 ]. 

In any event, the low measured Lu/Hf ratio in 
mare basalts relative to the high Lu/Hf ratio of 
their source, calculated from the measured 
176 Hf/ 177 Hf of these basalts, requires a phase in 
the source that is Lu retentive relative to Hf. 
Garnet has the correct Lu and Hf partition 
coefficients to produce such a relationship. The 
presence of garnet in the source region of mare 
basalts requires that the initial minimum dept of 
melting began at 275 km. 



[Sm/Nd] n LAVA 


Figure 2: Chondrite normalized Sm/Nd ([Sm/Nd] n 
LAVA) ratio measured for mare basalts (x-axis) 
relative to the calculated [Sm/Nd] n of the source (y- 
axis) based on the initial e Nd value of the lava. The 
[Sm/Nd] n of the source is calculated assuming 
derivation from a source with an e Nd value of 0 at 
4.4 Ga and the crystallization ages and initial e Nd 
values of [2]. Melting fields are as in Fig 1. All mare 
basalt data from Unruh et al. [2]. 


Table 1: D-values and melting and modal proportions used in calculating melting fields in^ ^ 

- --- — IVIUUCI . 

Mode Melt 


Mineral 

Olivine 

Cpx 

Pigenite 

llminite 

Plag 

Garnet 


Sm 

0.0006 

0.17 

0.011 

0.0023 

0.017 

0.1225 


-D-values 

Nd 

0.0001 

0.104 

0.0058 

0.0012 

0.0236 

0.0316 


Lu 

0.03 

0.30 

0.11 

0.070 

0.0068 

7.37 


Hf 

0.013 

0.15 

0.063 

0.406 

0.0128 

0.1908 


— Model 2 — 
Mode Melt 


Garnet 0.1225 0.0316 J/*? . jlmenjte are from [ 6 ], garnet and clinopyroxene (cpx) 

and 

in figures"!* IS? NotfmeWngSS Seen these two mantle models only differ in if garnet 
or plagioclase is present. 
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COMA: A COMETARY MATTER ANALYZER FOR IN SITU ANALYSIS WITH HIGH 
MASS RESOLUTION; P. Beck and J. Kissel, Max-Planck-Institut fur Kemphysik, Postfach 103980, 
D-69029 Heidelberg, FRG 

Introduction: Comets were not thermally processed and thus are unique bodies from the origin of the solar 
system. Other than asteroids, comets release their material as they approach the sun thereby making it accessible 
for in situ analysis. The fly-byes of the VEGA and GIOTTO space probes provided a wealth of new information 
[1-3]. Among a variety of instruments most sensitive dust impact analyzers were used to determine chemical 
composition and density of the small dust particles down to 10 -15 g [4-5]. Since these missions it became 
knowledge what was intelligent speculation before the encounter of comet p/Halley: Cometary dust consists of 
particles with a stony (Mg, Si, S, Ca, Fe etc.) nucleus and a cover of volatile, organic (H, C, O, N) material. 
Detailed analyses [6] indicated that the elemental composition of the dust is even more primitive than CI- 
Chondrites, the most unaltered meteorite class. The isotopic composition of carbon with 12 C/ 13 C ranging up to 
4500 (compared to a normal about 90) in some dust particles point towards a connection with presolar grains [7]. 
Now, after this mission the next two logical steps in exploration comets would be a.) to analyze other comets for 
their diversity and b.) to analyze one other comet in greater detail. 

With respect to dust a Time-of-Flight Secondary-Ion-Mass-Spectrometer (TOF-SIMS) was developed for the 
comet-mission CRAF and was named Cometary Matter Analyzer (CoMA). This mission was cancelled in 
January 1992. ESA now plans the Comet-Rendezvous-Mission ROSETTA as her third CORNERSTONE 
mission. It offers the next chance for detailed in situ comet exploration. CoMA is the ideal instrument for 
analyzing cometary dust. Detailed objectives for the CoMA instrument are to 

• determine the elemental composition of solid cometary matter to characterize comets in the 
framework of solar system chemistry; 

• determine the isotopic composition of key elements such as H, Li, C, Mg in order to establish 
boundary conditions for models of the origin and evolution of comets; 

• determine the elemental and isotopic composition of the neutral and ionized atmosphere of the 
comet and compare it with the data from the particles; 

• gain insight into the molecular composition of particles with emphasis on organic matter; 

• investigate the chemical states of the elements; 

• investigate the variation of the chemical and isotopic composition between individual particles; 

• characterise changes in composition that occur as functions of time and orbital position. 

The Cometary Matter Analyzer Instrument: The high dust impact velocities of the Halley mission 
provided impact generated positive ions for mass spectroscopy with the PUMA and PIA instruments. During a 
rendezvous mission dust particles will be collected and subsequently the material has to be ionised within the 
instrument for isotopic, elemental and molecular analysis. TOF-SIMS has been proven as the most sensitive 
method available for that purpose. Fig. 1 shows the principle schematic of the CoMA instrument. The physical 
parts of the instrument consist of the dust-collector system, the primary-ion-system and the time-of-flight mass- 
spectrometer. 

The Dust Collector: The task of this unit is to handle the targets onto which cometary dust particles are 
collected. A single target wheel houses about 30 target groups, each group containing four targets. They are 
individually delectable to meet the demands of the different features of the dust grains. The system moves the 
target mechanically from the store- to the collect -, clean- and analyze - positions. A target group consists of three 
targets for dust collection and one for adsorbing cometary gases. Foils coated with highly porous metal blacks are 
the means of choice to achieve minimal destruction of the collected dust grains [8]. The coatings have a thickness 
of 20- 100pm, various densities and inelastic and chemical properties. Platinum black structures are best suited 
for high-velocity particles (> 100 m/s). Fluffy particles of low velocity (< 100 m/s) are collected by ruthenium 
black covered foils. Each target has markers on it to establish a reference system such that collected particles can 
repeatedly be found and analyzed. A shutter at the entrance of the dust collector prevents undesirable 
contamination. 
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Cometary Matter Analyzer; P.Beck and J.Kissel 


Fig.l: Principle Schematic of CoMA. SJL: 
secondary ion extraction lens; IM: ion mirror; 
DET: detector 


time-of-flight 

mass-spectrometer jfte Primary-Ion-System: The pulsed 
primary ion gun has to ionize dust material in 
order to analyze it with the TOF-mass- 
spectrometer. I15 In + ions are produced using a 
liquid metal ion source (LMIS) that is already 
well tested for space applications [9-10]. This 
source consists of a heated reservoir 
containing a tungsten needle covered with 
indium and an extraction electrode. With a 
weight of about lg and a power consumption 
of less than 700 mW it is well suited for space 
experiments. The divergent 10 keV ion beam 
(some pA) is transformed to a parallel beam 
with an extraction lens. Chopping and 
bunching provides the short (< 4 ns) ion 
pulse needed for high mass resolution of m/Am > 10,000 at m > 150 Da. An enclosing lens focuses the ion 
pulse to a 15 pm spot on the sample. For cleaning and depth profiling a DC mode is also implemented. 

The Time of Flight Mass Spectrometer: Secondary ions (positive and negative ion-modes are possible!) 
starting from the analyzed target-spot first are accelerated into the secondary ion extraction lens and then move 
through the flight tube into a reflector [11]. To increase the flight-time the ions are sent to an ion mirror and 
back to the reflector again. With a two stage reflector sufficiently high mass resolution as well as second order 
energy compensation are achieved. Finally, the secondary ions are detected by a two stage channel-plate 
(accuracy < 1 ns, dead time < 3 ns) with an integrated non-linear preamplifier. 

During the experiment session the beam is electrically scanned over an area of about 100x100 pm 2 above 
micrometer sized dust-grains. The full 5x5 mm 2 of the target area is mechanically positioned. With about 50 ions 
per primary ion pulse and 5000 pulses per second, a full mass spectrum of 10 6 particle ions is obtained within 20 
minutes. Faster operational modes are implemented for target scans to locate collected particles on one of the 30 
different target groups. In a separate instrument location the full DC beam is used for depth profiling. For more 
details see [12]. Future instrumental improvements may lead to a spot size of the primary beam of only 100 nm at 
a mass resolution of m/Am > 2500. 
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SOLAR WIND GASES IN A METAL SEPARATE FROM LUNAR SOIL 68501: A FOLLOWUP 
STUDY; R. H. Becker and R. O. Pepin, School of Physics and Astronomy, University of Minnesota, 
Minneapolis, MN 55455. 

Noble gases and nitrogen were analyzed in a 90-95% pure metal separate from lunar soil 68501 by step¬ 
wise combustion and pyrolysis. Helium and neon appear essentially unfractionated with respect to one another, 
yielding the solar He/Ne ratio in the total gas and in all but the highest temperature steps. However, they are 
depleted relative to Ar by a factor of 5. Argon, krypton and xenon exhibit mass-dependent fractionation relative to 
solar abundance ratios, but appear unfractionated, both in bulk and in early temperature steps, when compared to 
abundance ratios in 71501 ilmenite, derived by chemical etching and suggested to represent abundance ratios in 
solar wind. Total spallation-corrected Kr and Xe show no isotopic fractionation relative to SW Kr and Xe 
compositions derived from this same 71501 ilmenite, supporting the idea that these gases may HOI have 
undergone a mass-dependent fractionation. The depletion of He and Ne in the lunar metal is in contrast to what 
has been seen in analyses of metal separates from meteorites. Nitrogen has a 5 ,5 N value of ~+80 %o in the bulk 
sample, with the solar N component considerably heavier than that but difficult to determine accurately. 

We originally undertook analysis of lunar regolith metal [1] with the expectation that step-wise 
combustive release would not lead to elemental or isotopic fractionation of the implanted solar noble gases in the 
metal, for reasons having to do with the properties of noble gas diffusion in metal [1,2], We also expected the 
implanted noble gases to have undergone little or no fractionation while on the moon, for the same reasons. 
Extraction of apparently unfractionated solar He, Ne and Ar from metal from the gas-rich Weston meteorite [2] 
supported these expectations. The results from an impure metal separate from 68501 [1], however, suggested the 
presence of fractionated heavy noble gases overprinting a solar He, Ne and Ar component, even for the lowest 
temperature steps. We pointed out that the fractionated gases might be due to the fairly large silicate component 
(20-25%) in that sample, but also considered that they might reside in the metal [1]. Results of step-wise 
combustion of a cleaner separate (5-10% silicate content) of 68501 metal are presented here. They confirm the 
pattern of relative abundance ratios seen in [1], and that the gases are almost certainly present in the metal rather 
than the silicates. They turn out to be open to two very different interpretations, however. 

One possibility is that only He and Ne in the metal are unfractionated, with the remaining noble gases 
dominated by the overprint of a strongly mass-fractionated component. These is illustrated by the conventional 
normalization of the bulk sample data shown in Table 1. He/Ar and Ne/Ar are normalized to solar ratios from 
[3], Kr/Ar and Xe/Ar to ratios from [4], In the first three steps, from 330*-410'C, where laboratory-induced 
diffusion should be at a minimum, He/Ar and Ne/Ar are within 15% of the solar values, yet Kr/Ar and Xe/Ar 
ratios are 1.8 and 3 times their solar values even in this relatively low-temperature regime [5], The presence of a 
strongly fractionated solar component would account for the elemental abundance patterns seen in the total gas 
and most individual steps. It would also explain why spallation-corrected 36 Ar/ 38 Ar ratios (assuming a uniform 
distribution of spallogenic Ar in the metal [5]) are well below 3 ^Ar/ 38 Ar in solar wind (SW) as determined from 
other samples [6], even in the earliest steps where solar energetic-particle (SEP) Ar should not be a factor. 
However, we see no significant mass-dependent isotopic fractionation in Kr and Xe in the metal sample [5]. One 
could argue that all elemental fractionation occurred relative to Xe, with little or no actual Xe loss, but if 
elemental abundances require that a mass-fractionated heavy gas component be present, the Kr isotopic pattern at 
least should reflect a mass fractionation due to Kr loss. Yet the total metal Kr isotopic pattern is within error that 
of the unfractionated SW component determined by Wieler and Baur [7]. 

_ Table 1. Atom ratios relative to Ar in total metal, n ormalized to "solar" ratios. .— 

4 He/ 36 Ar 22 Ne/ 36 Ar 36 Ar/ 36 Ar 84 Kr/ 36 Ar 132 Xe/ 36 Ar 

Conventional normalization 0.205 0.227 1.00 2.06 3.83 

Alternate normalization _ 0.205 _ 0.227 -L0Q-LQi-L02— 
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SOLAR WIND IN LUNAR METAL: Becker R. H. and Pepin R. 0. 

The alternative interpretation assumes that the Ar:Kr:Xe elemental abundance pattern seen in lunar 
ilmenite 71501 represents the actual flux ratios of these elements in the recent solar wind [8]. With this 
assumption, Ar, Kr and Xe in the 68501 metal are essentially unfractionated (see Alternative normalization in 
Table 1, which assumes "solar" Ar:Kr:Xe ratios of 16730:8.97:1 from [9]). In this normalization, it is 
reasonable to find that Kr and Xe isotopic ratios have not suffered mass fractionation effects. The argon isotopic 
result mentioned above can be accounted for by a spallation-correction using Nes p amounts derived on a step-by- 
step basis, rather than assuming a uniform Ar sp distribution [5]. This interpretation of the data is more in 
keeping with our original expectations of finding unfractionated solar gases in lunar metal. 

Note, however, that He and Ne are depleted in the metal in this second interpretation by a factor of 5 
relative to the other gases. It is generally considered that loss of solar wind gases occurs either by processes such 
as sputtering, flaking and abrasion which don't significantly differentiate among gases or isotopes of a gas, but 
may enrich the more deeply-implanted SEP component over SW, or by diffusion, which leads to elemental and 
isotopic fractionations as well as enhancement of SEP (see, for example, [10,11]). It would appear that in metal 
there is a third possible process, presumably diffusion without fractionation. He/Ar and Ne/Ar ratios in our 
individual steps vary from initially solar values to about a factor of 50 lower at the highest temperatures, 
representing either a lunar or laboratory-induced separation. However, He/Ne varies hardly at all except at the 
highest temperatures. This depletion process is evident in our lunar metal, but does not appear to have occurred 
in meteoritic metal samples [2,10,11], for reasons we don't yet understand. SEP accounts for about 40% of the 
He and Ne now in the lunar metal, but could have been as low as 8% in the originally implanted gas, if the 
depletions of He and Ne seen are primarily due to loss of the SW component. This is consistent with the Kr 
isotopic composition in the metal, which yields an upper limit of 15% SEP in the Kr as measured [5], 

Nitrogen in the metal, as with the other gases measured, can be interpreted in more than one way. There 
is undoubtedly a meteoritic component in the nitrogen, which is almost certainly lighter [12,13] than the total 
nitrogen and therefore lighter than the solar N component Because we do not know the average 8 ,5 N value of 
the meteoritic component, or its abundance, we cannot subtract it out accurately enough to determine the 6 15 N 
value of the solar component. Additionally, since we don't know how much solar N should even be in the 
sample, because the primary flux ratio of N/Ar in the solar wind is not known, we could not determine whether 
there have been significant losses of the solar component with associated fractionation of isotopes, even if the 
meteoritic component were well determined. However, it is possible to make educated guesses with regard to 
these unknown quantities. Our best estimates lead us to believe that the primary flux ratio of N/Ar is likely to be 
an order of magnitude or more above the Cameron solar value [4], and that the 5 15 N of recent solar wind is 
around +200%o or higher. If we are wrong about the degree of retention of Ar, Kr and Xe in the sample, the first 
of these two conclusions may be incorrect. The second conclusion however is not very sensitive to this particular 
assumption, and should still be pretty much valid. 
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Cosmochim. Acta 57. 3749-3761 H993V 




LPSCXXV 


79 


THE PARTITIONING OF Na BETWEEN MEIIITTF AMn unrim. axt 
EXPERMEMT/ a STUDY WITH APPLICATIONS TO TYPE B CAIs J R SleJketUnd 
Pasadena,^CA mK? of Geolo S lcal and Planetary Sciences, California Institute of Technology 

I ntroduction, Many Ca-, Al-rich inclusions (CAIs) contain alteration products formed 

aitPr a .- SUbS ° ldUS C01 ? dltl0ns HI, including the sodic phases nepheline and sodalite [2 31 The 
alteration processes have generally been viewed as post-dating all melting events but textural 

ip;iH ,1SOt ? P1 t < l eVldenC i5i- 3 S u 8gest that mu,ti P lc stages of melting and alteration were involved 

crvstalfizatkrn ofTh^ 11 ^ that h Na and ° the . r volati,e clemcn ts were present in the melt during 

in^meli itflMcD andlnorthit^rTt • ^ 1S consisten , t with significant concentrations of Na 2 0 
mennte (Mel) and anorthite (An) in some apparently unaltered inclusions To constrain the 

compos,iron of melt from which Mel in CAIs crystallized and to evaluale the role of 

liquid (Li a )* n We * d [eterrrfi ned l ° understa " d lt |f Partitioning behavior of Na 2 0 between Mel and 
q ( q). We determined experimentally the partition coefficients for Na 2 0 between Mel and 

q 3 bU ' k a " a '°gous ,0 those ob*"edinCAMS 

MpO-i niK+n i ^ Ai n ec £ ] ^ SS startin S material (Ca0=29.26±0.14(2a) wt%- 

MgO-10.06±0.15, Al 2 O3=28.68±0.23; SiO 2 =30.1 1±0.32; TiQ2=1.34±009* Na 90=0 47+00n 

™nT P ° nd r| in f g 10 com P?, sltlon t0 an average Type B inclusion [6] but with 6 5 wt% NaoO was 
synthesized from an oxide mix. Each sample was held at 1420°C for 3 hrs, cooled at l°C/hr in 
air, and quenched into deionized H 2 0. Synthetic Mel, An and glass (Gl) were analyzed bv 
electron probe. Samples lost variable amounts of Na (1/3-1/2 of total) during the course of 
experiments but rapid diffusion of Na in the melt [7] and slow cooling rates led , 0 dSs« 

Mel-Iaqlnteifacex ‘° Na20 a " d aU ° Wed equilibrium “ - a '"tained auhe g^wing 

E xperimental Results, Runs were quenched in the T range 1208-1353°C All run 
products contain spinel, Mel and Gl. The Mel is zoned with andNa.O increasing fromcore 
NaoOi °Y indlv \ d ^ aI crystals (maximum range from core-to-rim = Akl8-67; 0 06-0 39 wt% 
a ^r XA l c f nd *J»20 also mcrease at the crystal-Liq interface with decreasing T. Fig.' 1 shows 
inear relationship between T and X A k of rim melilites. Values of T-Xad of T81 for 
experiments conducted under identical conditions on an Na-free CAI bulk composition are 

aDKmanc n c Tnf™ rre i T M f ° r r COre Md ( A kl8; l400 ° C ) is consistent with th7equmbrium 

a “ system (*399-1405°C; [6]). One sample (1208°C) contained 
An (0 09 wt%Na 2 0). Pyroxene was not observed although it is expected at lower temperatures 

e '^V’ a2 ° mG1 ran £ es from 0.21-0.38 wt% and is homogeneous (±0.004-8 wt% la) within 
each sample Other elements in Gl are also homogeneous, except for the 1208°C run In this 

S^Si'SSlr ^ qUi ‘ e Variab ' e fc 8 ' Ti02 » “-™) Ptoha'b h ,y 

for Avm^ n !^ nta ^ dc l crm , incd M f d/L.q P artition coefficients for Na 2 0 (DNa) are 0.59-1.52 
chemical control*^ A simnlel - inear function of X^/X^ (Ge: Gehlenite), reflecting crystal- 

the^xchange^eactio^rriMp^ 11 ^ 6 atl ° nSb A?n etWeen D ? a and X Ak/*Ge is expected based on 
NnOfi Al^n reactl0n Ca 2MgS 2 07(Mel) + A10 3 / 2 aj q) + NaO, /2(Liq) = CaO (Liq) + MgOn ini + 
rnncf^! S T? 7 i Mel) ,’ assum,n e. ldcal ionic activities for trace clementsin Mel, an3 approximately 
constant T and melt composition [see 4], In our experiments, the dependence of Dm on T meh 

H!J PO /roi5i a 1 d nonideallt y in Mel is secondary but these effects^re probably important for 

data of [9,10] where melt and Mel have much higher Na 2 0 (Fig 3) ^ P 

■ . • The ex P er imentally determined D Na are applicable to Viearano Tvnp R 

inclusion 1623-8 because Mel (Fig, 4) and bulk compofitions [3] are similar Kose Tour 
experiments. There are also relevant reconnaissance data [3] on three Allende Type B1 ’s From 
our D Na and Mcl from 1623-8 [3], we calculate w.% Na 2 0 in ,he mel. during MeYcrystanizaUou 

Of 0-0.5% with Na 2 0 = 0.10±0.09(la) for X Ak <0.35 and 0.19±0.08(la) for Xaic> 0 35 These 
calculations suggest: (1) Although Vigarano Type B inclusion 1623-8 shows little petrographic 
evidence for the pervasive alteration that characterizes altered Allende inclusions, the caLulSted 
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concentrations of Na20 in liquids from which early-crystallized Mel (i.e., low Ak) formed are 
comparable to those of bulk altered Allende CAIs [5], This result is consistent^nfav have 
suneestions [31 that the last melting event to have affected inclusions such as 1623-8> ”?ay have 
obES an altered precursor similar to an Allende CAI but a substanua 

event’. frQm Allende T Bl’s [3] imply a somewhat different of 

compositions. gehieihu'c Mell^nostly^in^tl^ 

Mebrich outer mantle, may be relict phases from an earlier melting event that predated alteration. 
Alternatively they could have crystallized within an Na20-depleted near surface zone andl rcflec 
SSS duringThe initial stages of a heating event rapid enough to prevent dtffustve re- 

homogenization of Na 20 in the melt. 

References. [1] Hutcheon. I.D. and Newton , ICC. (1981) LPSXII, 491-3 k [2] Wa*. D MM 

J r" Zi "mm R- (1975) \>L Lunar 

Sc. Con/: 6th, 1729-36. [6] Stolper, R (1982) GCA 46 *9] p£t, 

(1981) GCA 45, 1357-67. [8] Stolper, E. and Paque, J.M.(19861 GCA 50 .1785 I8Ut» m > 
V and Longhi, J. (1989) AJS 289, 1-16. [ 10] Pan, V. and Longhi J (1990) CMP 105, 56 . 
[11] Hewins, R.H. (1989) Proc. NIPR Symp. Antarct. Meteorites, 2, 200-220. 
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High Spatial Resolution Telescopic Multispectral Imaging and 
Spectroscopy of the Moon: I. The Serenitatis/Tranquillitatis 
BORDER REGION; J.F. Bell III (NRC/NASA Ames Research Center Moffett Field, CA 
94035) and B.R. Hawke (PGD/SOEST, University of Hawaii, Honolulu, HI 96822). 

The region of the Moon near the border between Mare Serenitatis and Mare Tranquillitatis is 
one of the most geologically and compositionally complex areas of the nearside. The geologic 
history of this region has been shaped by impacts of widely-varying spatial scale and temporal 
occurrence, by volcanism of variable style and composition with time, and by limited tectomsm. 
We have been studying this region as part of a larger multi-remote-sensing-technique effort to 
understand the composition, morphology, geology, and stratigraphy of the Moon at spatial scales 
of 2 km or less [cf. 1, 2]. We have been aided in this effort by the proximity of this area to the 
Apollo 11, 15, and 17 landing sites and by the occurrence of one of the primary lunar 
spectroscopic "standard areas" within our scene (MS2). Here, we report some of the findings 
from the multispectral imaging and spectroscopy part of this effort [3]. 

The reflectance spectra analyzed here were obtained with the UHPGD near-IR circular 
variable filter (CVF) spectrometer with a cooled InSb detector. The data were obtained at a 
spectral resolution of AX/X * 1.25% over the wavelength range 0.65 to 2.6 pm using the 
University of Hawaii 2.24-m telescope at Mauna Kea Observatory. The CVF was stepped 
through 112 wavelengths over the course of about 90 seconds, and anywhere from 2 to 6 
independent measurements were made of each region. Observations were carried out on October 
29 and 30 UT, 1985, at a lunar phase angle of 10° and 20° respectively. The 2.24-m telescope 
was configured at//35, yielding at spot size of 1.3 km diameter on the Moon using the smallest 
aperture and assuming 0.65 arcsec seeing. Spectra were obtained of 20 regions in the 
Serenitatis/Tranquillitatis region [4] as well as of the Apollo 16 landing site. 

Telescopic multispectral CCD images of the 
Serenitatis/Tranquillitatis region were obtained 
using a 384x576 pixel Photometries cooled 
CCD camera. The camera and an uncooled 
narrowband filter wheel were mounted to the 
University of Hawaii Planetary Patrol 61-cm 
telescope at Mauna Kea Observatory. Images 
were obtained in 8 narrowband transmission 
filters, chosen to maximize the potential spectral 
differences between the units in the different 

regions. Observations were carried out on , 

August 7 1990 UT at a lunar phase angle of 10°. The Planetary Patrol telescope was configured 
at ft 13 5, yielding a plate scale of 0.573 arcsec per 23 pm CCD pixel. This translates to a 1.66 
km/pixel resolution at the lunar equator and a 200x310 arc sec field of view. The boundaries of 
our study region are shown in Figure 1. 

Multiple independent measurements of the near-IR spectrum of each region were averaged to 
produce a final "raw" spectrum with associated error bars. The spectra were converted into 
scaled reflectance units by taking a ratio of each region relative to Apollo 16 and then 
multiplying by the ratio of Apollo 16 to the Sun derived from spectral studies of returned Apollo 
16 lunar samples. For many of these spectra, one or more linear continuua were removed by 
fitting straight lines to the data at local maxima near 0.8 and 1.5 and 2.6 pm. Spectroscopic 
analyses include (1) determination of band center positions and band widths using derivative 
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analysis and polynomial curve fitting; (2) determination of band depth, width, and area using 
standard methods [5,6]; and (3) calculation of simple linear mixing models [7], 

The imaging data reduction process included subtraction of the dark (bias + dark current) 
values from all images and then division of a normalized (mean = 1.0) flatfield frame from each 
Moon and sky image at the appropriate wavelength. The sky image was then subtracted from the 
Moon image for each filter. Finally, the multispectral images are spatially co-registered into an 
image cube with an estimated registration accuracy of 0.25 pixel. This was achieved using a flux- 
conserving procedure whereby each image is convolved with a sine 2 function having a width 
consistent with the estimated point spread function of our images. A relative calibration is 
achieved by ratioing all the images to the spectrum of MS2 as observed in the scene. Thus, we 
can compare spectra extracted from these multispectral images with previously-obtained 
spectroscopic data sets also presented as spot/MS2 ratios. 

Analysis techniques used on these images included (1) generation of simple ratio images 
between different wavelengths in order to examine spectral slope and absorption band variations; 
(2) extraction of 6 to 8 channel spectra ("pseudospectra") from the image cube for comparison 
with other spectroscopic data sets; and (3) creation of simple linear mixing models using a small 
number of endmembers. We followed the mixing technique of [7] and [2] for spatial mapping of 
spectral heterogeneity and for the analysis of compositional variations focusing on specific 
processes (e.g., soil maturation, highlands-mare mixing, etc.). 

Major findings to date [3,8] include the observation that the 1-pm band in the 43-km crater 
Plinius' central peak and NE wall regions is clearly composed of two features: a short- 
wavelength component centered near 0.92 pm and a longer-wavelength component centered near 
1.0 pm. The 0.92 pm feature is weaker than the 1.0 pm band in the NE wall spectrum; however, 
the two bands have comparable strengths in the central peak. The presence of a 0.92 pm band in 
these spectra indicates that parts of Plinius are composed of highlands-like materials. This 
interpretation is confirmed by mixing analyses of the imaging data, which clearly show that the 
Plinius peak and several regions on the floor have a Haemus-like highlands signature. Also seen 
in the endmember images is an indication that low-Ti (central Serenitatis) mare exists on several 
regions of the floor and S-SW crater rim. The implication is that the mare is relatively shallow in 
this part of the Serenitatis-Tranquillitatis border. It is puzzling, however, that there are no 
indications of highlands material in the Plinius ejecta. This may be due to inadequate spatial 
resolution (the highlands component of the ejecta is unresolved) or more likely to the effects of 
vertical mixing, where the spectral signature of the pre-existing mare materials now completely 
dominates the mixed highlands-mare signal. The nearby 18-km crater Dawes has little or no 
highlands signature in its spectra. It registers a very high fraction of immature endmember 
materials, however, and one interpretation of this is that the brightness of its ejecta blanket is due 
to maturation rather than compositional effects. 

Our study demonstrates the value of both high spatial and spectral resolution observations of 
geologically and spectroscopically interesting regions of the Moon for extending compositional, 
stratigraphic, and morphologic interpretations gleaned from previous data sets. While the 
Clementine mission should obtain spectacular high spatial resolution multispectral views of the 
Moon, it is important to note that higher spectral resolution observations of these regions will 
substantially add to our understanding of the Moon at fine spatial scales. 


R eferences : [1] Bell, J.F. Ill and B.R. Hawke (1991) LPSC XXII, 75. [2] Campbell, B.A. et al. 0992) PLPS 
???£. 2 ^’ Bell, J.F. Ill and B.R. Hawke (1994) submitted to Icarus. [4] Jaumann, R. (1991) Ph.D. Dissertation 

ah i? d *^1}™ J A Ge °P h y s ■ Res - 89 • 6329 -1 6 ! Lucey, P.G. et al. (1986) J. Geophys. Res., 91, D344. [7] 
Adams, J.B. et al. (1986) J. Geophys. Res., 91, 8098. [8] Bell, J.F. IB and B.R. Hawke (1992) LPSC XXIII, 77. J 
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distribution in ^gionsonheVtaef^imag^inW^" 0 " a " d ‘° map ,heir spadal 

University of Hawaii WC °^ ta j ae ^ lma ging spectroscopic data of Mars from the 

. with the Wide Field Grism SpecTOmphfWFGSl *?f °, b | iervalory [8 1- The data were obtained 
• for Astronomy at the UnTveSy'SM wgs ^ wK5oS?E ^ InS ‘ itUte 
granng ruled on a prism. We used a grating blazed at imijS C ?° and * “"amission 
0.50 to 0.94 pm at a spectral resolutiofof R = 2W to 350 ^K!S is p 31 " ^ fr0m 

Xl^ of he Ma^iifdisk Ttvn ca?^ “ d a ^na,e cross-sli, spatial 

spatfal ““ ,mage CUbC CO " sists of approximately 20x30 

centered ne^^OOHWa^VMongitudR^Mars^subtertdad n? during"^ ° f Marta " 

frames. AsaT"dinIStfSTd? * “ nUnKrous bias and fla,ficld calibration 

Data reduction procedures are similar to those used for 1Q8R wprc ^,0 x 4 . 

pixel non^ ^ pf0Cedures ind “ da bias a4 d^ cuLt ramo^ natfreld (n xd^ 

° f ,hC indiVidUal S ' U POSiti ° nS in “ ima * e «SU and 

Table 1. 1990 Mars MKOAVFGS Imaging Spectroscopic Observations 


9 Nov. 1990 

10 Nov. 1990 


=4000 

=6000 


Figure 1 shows an example of the raw data obtained on 1 1 / 9/90 ttt f™- « ** . • , 
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image cube as Figure^The^pw^ar^fM^s / ^CetlfwMch 0 ^ a*good:approximationof^Mats / 
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Absolute Calibration and Atmospheric vs. Mineralogic Origin of Absorption 
Features in 2.0 to 2.5 pm Mars Spectra Obtained During 1993; James F. Bell in 
(NRC/NASA Ames, Moffett Field CA), James B. Pollack (NASA Ames), Thomas R. Geballe 
(JAC/UKIRT, Hilo HI), Dale P. Cruikshank (NASA Ames), and Richard Freedman (Sterling 


Software, Palo Alto CA). 


For over twenty years the origin of weak absorption features in the spectrum of Mars near 2.3 
pm ("K" Band: 1.9-2.5 pm) has been debated. This spectral region contains gaseous absorption 
features predominantly from CO 2 and CO on Mars as well as from molecules like H 2 O, CO 2 , 
CH 4 , and CO in the telluric and solar atmospheres [e.g., 1-4]. Putative mineralogic absorption 
features in Mars spectra at these wavelengths have been interpreted as evidence for specific Mg- 
bearing clay silicates or amphiboles [5,6] and bicarbonate-bearing minerals such as scapolite [7]. 
Spectra from other wavelength regions have been used to infer the existence of smectite clays on 
Mars based on features in the visible and in the mid-IR [e.g., 8-10] and to place limits on the 
abundance and distribution of anhydrous and hydrous carbonate-bearing minerals [e.g., 11-14]. 

We obtained new high resolution (R = 300 to 370) reflectance spectra of Mars during the 1993 
opposition from Mauna Kea Observatory using the UKIRT CGS4 spectrometer. Fifty spectra of 
1600-2000 km surface regions and a number of standard star spectra were obtained in the 2.04 to 
2.44 pm wavelength region on 4 February 1993 UT. S/N in the raw data ranged from 30 to 300. 
Near-simultaneous observations of bright standard stars were used to perform terrestrial 
atmospheric corrections and an absolute flux calibration. Using the known magnitude of the stars 
and assuming blackbody continuum behavior, the flux from Mars could be derived. To derive 
radiance factor values (observed flux / expected Lambertian flux) we assumed that the solar 
continuum flux followed an empirically-derived relationship [15] and we used the technique of 
[16] to derive the expected Lambertian flux at Mars. The absolutely-calibrated spectra exhibit a 
S/N precision of from 35 to 90 depending on the radiance factor of the region observed. The 
errors on the absolute flux level are from 6 to 10 % (la) and those on the radiance factor values 
are from 8 to 12%, assuming a 5% uncertainty in the absolute flux distribution of the Sun. 

A radiative transfer model [17] and the HITRAN spectral line data base [18] were used to 
compute atmospheric transmission spectra for Mars and the Earth in order to simulate the 
contributions of these atmospheres to our observed data. Also, we examined the ATMOS solar 
spectrum in the near-IR [19] to try to identify absorption features in the spectrum of the Sun that 
could be misinterpreted as Mars features. Scaled radiance factor spectra are shown in Figure 1, 
along with Earth and Mars model atmospheric spectra and the solar spectrum for comparison. 

Eleven absorption features were detected in our Mars spectra. Six were attributed all or in part 
to Mars atmospheric CO 2 or CO (2.052, 2.114, 2.151, 2.331, 2.356, and 2.365 pm). Four others 
were interpreted as evidence for telluric (H 2 O, CH 4 ) or possibly solar/stellar spectral 
contamination (2.316, 2.384, 2.414, and 2.432 pm). One band at 2.297 pm appears to be 
mineralogic in origin. Three of the bands (2.331, 2.356, and 2.365 pm) appear to have widths and 
depths that are consistent with additional, non-atmospheric absorptions, although a solar 
contribution at these wavelengths and at 2.297 pm cannot be entirely ruled out. 

Our data provide no conclusive identification of the mineralogy responsible for the absorption 
features we detected. However, examination of terrestrial spectral libraries and previous high 
spectral resolution mineral studies [e.g., 20 , 21 ] indicates that the most likely origin of these 
features is either CO^\ HCO 3 , or HSO 4 anions in framework silicates or possibly (Fe, Mg)-OH 
bonds in sheet silicates. If the latter is correct, then an explanation for the extremely narrow 
widths of the cation-OH features in the Mars spectra as compared to terrestrial minerals must be 
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devised. One possibility involves dehydroxylation [22], but this situation has not yet been fully 
examined spectroscopically. Unfortunately, we can provide no conclusive resolution of the 
debate over scapolite on Mars. Our data [23] apparently confirm earlier observations by [7] that 
there are subtle, narrow absorption features in the Martian K band spectrum that cannot be 
explained solely by atmospheric absorption. We do not favor assigning a specific mineralogy at 
this time based on these bands because (a) our understanding of the spectral nature of many other 
minerals at such high spectral resolution is lacking; (b) we cannot be certain that the stellar and 
solar spectra are not introducing artifacts; and (c) placing stringent constraints on surface 
mineralogy from spectrally limited data may not prove consistent with other observational, 
geologic, or geochemical constraints gleaned from previous spacecraft and telescopic data. 



References: [1] Connes, J. et al. (1969) CNES Near-IR Spectral Atlas of the Planets. [2] Park, J.H. et al. (1981) 
NASA RP-1084. [3] Farmer, C.B. et al. (1987) JPL Publication 87-32. [4] Crisp, D. (1990) J. Geophys. Res., 95, 
14577. [5] McCord, T.B. et al. (1978) J. Geophys. Res. 83, 5433. [6] McCord, T.B .et al. (1982) J. Geophys. Res. 
87, 3021. [7] Clark, R.N. et al. (1990) /. Geophys. Res., 95, 14463. [8] Banin, A. et al. (1985) J. Geophys. Res., 
90, C771-C774. [9] Hunt, G. et al. (1973) Icarus, 18, 459. [10] Toon, O.B. et al. (1977) Icarus, 30, 663. [11] 
Roush, T.L. et al. (1986) LPSC XVII, 732. [12] Blaney, D.L. and T.B. McCord (1989) J. Geophys. Res., 94, 10159. 
[13] Pollack, J.B. et al. (1990) J. Geophys. Res. 95, 14595. [14] Calvin, W.M. et al. (1994) J. Geophys. Res., in 
press. [15] Smith, E.V.P. and D.M. Gottlieb (1974) Space Sci. Rev. 16, 111. [16] Roush, T.L., et al. (1992) Icarus 
99, 42. [17] Pollack, J.B. et al. (1993) Icarus, 103, 1. [18] Rothman, L.S. et al. (1987) Appl. Optics, 26,4058. [19] 
Farmer, C.B. and R.H. Norton (1989) NASA RP-1224, vol. 1. [20] Clark, R.N. et al. (1993) U.S. Geological Survey 
Open File Report 93-592. [21] Swayze, G.A. and R.N. Clark (1990) J. Geophys. Res., 95, 14481. [22] Bums, R.G. 
(1993) Geochim. Cosmochim. Acta 57, 4555. [23] Bell III, J.F. et al. (1994) submitted to Icarus. 
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age, the Mariner 6,7 Infrared Speedometer HRS ?Zl d ? flyby misslons to Mars - Despite its 
provide important information about the Marian surface a^^^ 861 ° f measurements that can 
composition. For certain mid-IR wavelengths the I^^ T C ’ atmos P heric aerosol 
obtained for Mars. At other wavelengths IRS meac P^^a ^e the only such spacecraft data 
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GEOLOGIC MAP OF CALLISTO; K. C. Bender and R. Greeley, Department of 
Geology, Arizona State University, Tempe, Arizona 85287-1404, J. W. Rice, Jr., Department of 
Geography, Arizona State University, Tempe, Arizona 85287, D. E. Wilhelms, Hyde St., San 
Francisco, CA 94109 


A 1:15M scale photogeologic map of Callisto, the second largest and outermost Galilean 
satellite of Jupiter, has been completed (Figure 1). Callisto's density of 1.86 g/cm 3 suggests a high 
proportion of water-ice to silicates. The satellite's geology is surprisingly simple for a body 4840 
km in diameter. Most of it is mapped as an apparently uniform geologic unit (ctu) on which only 
128 craters >60 km across and seven multi-ring features are superposed. This paucity of large 
craters is very unlike the crater size-frequency distribution on the terrestrial planets, and may reflect 
impacts by comets and not asteroids [I]. 

Each of the two largest multi-ring features, the younger [2] -1100 km Valhalla and the -700 km 
Asgard, possess an inner palimpsest (units vi, ai), which probably represents the relaxed transient 
impact crater, and an outer concentric deposit (units vo, ao), which probably consists of ejecta. 
These Valhalla and Asgard Formations are less densely cratered that the cratered terrain (unit ctu) 
[3], Structural symbols trace ring arcs surrounding these deposits and five smaller rings features 
that lack mappable deposits. Isolated light plains interpreted as palimpsests (unit Ip) probably mark 
additional impact sites. Some crater chains (catenae) may have been created by the impact of 
disrupted comets like Shoemaker-Levy 9 [4], and others by the secondary impact of ejecta from a 
visible or nearly vanished (palimpsest) impact site. 

The only unit considered endogenic forms small, elongate, smooth patches (unit sp), light toned 
at the bases of some scarps NE of Valhalla and dark toned within the cratered terrain (unit ctu). 
Water or slurry probably rose in response to disruption of the crust by the Valhalla impact 


[3,5,6,7]. 

The map probably portrays a generally ancient surface. Impacts are thought to have created 
Valhalla and Asgard about 4 b.y. ago [2], and the same is probably true of the isolated palimpsests 
(unit lp) and most of the craters (units cl and c2). Only rayed craters (unit c3) and possibly the 
smooth plains are likely to have formed during the last 3 billion years. 

This map has been used to aid in planning the Galileo imaging targets for Callisto. Within the 
constraints of the selected tour and the sharing of resources among various instruments, the 
following targets are candidates for imaging by the Galileo SSI: a) Valhalla, at high resolution (-50 
m/pxl); b) Asgard, at moderate (1 km/pxl) and high (-100 m/pxl) resolutions; c) Adlinda and the 
ring feature NW of it at moderate (1 km/pxl) resolution; d) a scarp NE of Valhalla with smooth 
plains material at high (-100 m/pxl) resolution; e) a number of sites within the cratered terrain at 
high resolution; f) filling Voyager gaps (at Voyager or better resolutions) at 300°W longitude, SW 
of Valhalla, and portions of the South Pole. 

References: [1] Chapman, C.R. and McKinnon W.B.(1986) in Satellites, Burns, J.A. and 
Matthews, M.S. eds, Univ. Ariz. Press, 548. [2] Passey, Q.R.(1982) Ph.D. Diss., Caltech, 89. 
[3] Remsberg, A.R.(1981) LPSC Absts, XII, 874. [4] Melosh, H.J. and P. Schenk (1993) 
Nature, 365 (in press), 735. [5] Melosh, H.J.(1982) JGR, 87, 1880. [6] Stooke, P.J.(1990) 
LPSC Absts, XX, 568. [7] Schenk, P.(1992) EOS, 73, 179. 


DESCRIPTION OF MAP UNITS 

Plains Materials 

(sp) Smooth plains- small mostly elongate patches. Light and dark albedo and lower crater frequency than 
surrounding terrain. Interpretation: Ice extruded from interior 
(lp) Light plains- elliptical or circular patches. Higher albedo and usually lower crater frequency than 

surrounding terrain. Interpretation: palimpsests originating by the viscous relaxation of a transient 
impact crater 

(ctu) Cratered terrain, undivided-most heavily cratered unit. Average albedo 0.2. Interpretation: ancient crustal 
materials, consisting of ice and rock/dust, brecciated by extensive impact cratering 
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Valhalla Formation 

(vi) Inner facies- bright elliptical patch lacking structure. Interpretation: palimpsest like those of unit lp 
(vo) Outer facies- multiple discontinuous concentric ridges. Lower crater frequency than on surrounding 
terrain. Interpretation: impact ejecta blanket 

Asgard Formation 

(ai) Inner facies- bright elliptical patch. A few arcuate structures at margin. Interpretation: palimpsest like those 
of unit Ip 

(ao) Outer facies- multiple discontinuous inward-facing concentric scarps. Lower crater frequency than on 
surrounding terrain. Interpretation: impact ejecta blanket 

Crater Materials 

Craters >60 km in diameter mapped. Interpretation: formed by impact, degree of degradation 
approximates relative age (cl oldest to c3 youngest) 

(c3) Class three- includes crater floor, complete rim and all visible ejecta 

(c2) Class two- includes crater floor and complete rim 

(cl) Class one- includes crater floor and all visible rim 

(cc) Crater catena- includes floors and rims of craters aligned in linear chains 


North Pole 
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PRE-IMPACT ORBITAL EVOLUTION OF P/SHOEMAKER-LEVY 9; Lance 
A.M. Benner and William B. McKinnon, Department of Earth and Planetary Sciences and 
McDonnell Center for the Space Sciences, Washington University, Saint Louis, MO 63130- 
4899, lance@wunder.wustl.edu. 

We investigate the orbital evolution of P/Shoemaker-Levy 9 as a temporarily captured 
satellite and focus on its heliocentric motion prior to capture by Jupiter, and on its jovicentric 
motion after capture but prior to impact. We numerically integrate the comet's motion backward 
and forward in time using the orbital elements determined by D.K. Yoemans and P.W. Chodas 
(solution 28) [1]. We include the gravitational effects of Jupiter, Saturn, and the Sun, and 
Jupiter’s oblateness J 2 and J 4 . Assuming that no orbital energy changes occurred during the 
1992 disruption, we find that the comet’s jovicentric orbit prior to the July, 1992 perijove was 
not hyperbolic. Integration of the nominal solution 28 elements indicates that Shoemaker-Levy 
was captured by Jupiter in 1970 and has since completed nine irregular, eccentric, and steeply 
inclined orbits about the planet. The comet's nominal pre-capture heliocentric orbit orginated 
interior to that of Jupiter and crossed the asteroid belt; however, varying the initial elements 
within the formal uncertainties indicates that a pre-capture orbit between Jupiter and Saturn is 
also possible. The range of pre-capture heliocentric eccentricities (e ~ 0.1 - 0.3) and inclinations 
(i ~ 1* - 4*) are consistent with a short-period comet or asteroid, but not with a highly inclined 
and eccentric long-period comet 

Figure 1 shows Shoemaker-Levy's heliocentric trajectory extending 21 Jovian years prior 
to the 1994 collision; for comparison, the radial distance in astronomical units from Jupiter and 
the Sun during this interval appears in Figure 2. Shoemaker-Levy orbits Jupiter backward in 
time for ~ 2 Jovian years, and "escapes" into an orbit interior to that of the planet. Prior to 
capture, the comet frequently approached within ~ 1.5 AU of Jupiter when it experienced the 
distinct changes in its heliocentric orbit that are visible in Fig. 1. Discrete changes in 
Shoemaker-Levy's heliocentric eccentricity and inclination also occurred during the closest 
approaches to Jupiter. The discrete changes in Shoemaker-Levy's heliocentric elements, as well 
as the sensitivity of the orbit to inital conditions noted above, are hallmarks of chaotic dynamics. 
Indeed, temporary gravitational capture orbits are, in general, chaotic [2]. Using the method of 
divergent trajectories in phase space [3], we find P/Shoemaker-Levy 9 to be fundamentally 
chaotic with a Lyapunov time of ~ 1.3 Jovian years. 

Figure 3 shows Shoemaker-Levy's jovicentric distance after capture, including that which 
would result if the 1994 collision with Jupiter is ignored. If the impact is ignored, the comet 
passes within ~ 0.5 Rj of the planet's center and completes one additional, distant orbit prior to 
escaping to an orbit between that of Jupiter and Saturn. Consequently, any orbital energy 
dissipation that P/Shoemaker-Levy 9 experienced when it fragmented in 1992 was insufficient to 
bind it into permanent orbit about Jupiter. For comparison, the distance that would result 
ignoring Jupiter's oblateness is also included. The motion backward in time changes only 
slightly, but because of the comet's extremely close approach to Jupiter in 1994, the trajectories 
including and ignoring oblateness rapidly diverge forward in time. 

Capture by Jupiter occurs when the comet’s jovicentric eccentricity decreased below unity, 
indicating (temporarily) bound motion (Fig. 4). Shoemaker-Levy's subsequent jovicentric orbit 
is strongly perturbed by the Sun because of the comet's generally large distance from the planet. 
The orbit alternates between prograde and retrograde motion and is highly inclined, common 
characteristics of weakly bound and unbound satellites, and ones that we have observed in our 
simulations of Triton's capture by Neptune [3]. At the time of impact, the orbital inclination is ~ 
78* and the eccentricity near unity. 

REFERENCES: [1] Yoemans, D.K., and P.W. Chodas, posted on the Comet Shoemaker-Levy 
9 bulletin board 11/4/93; [2] Murison, M.A.(1989), Astron. J. 98, 2346-2359; [3] Wisdom, J. 
(1983), Icarus 56, 51-74; [4] Benner, L.A.M., and W.B. McKinnon, submitted to Icarus. 
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™™? ST ' SH0CK c °OLING AND ANNEALING WITHIN L-GROUP 
ORDINARY CHONDRITES. Marvin E. Bennett and Harry Y. McSween Jr., Department of 
Geological Sciences, University of Tennessee, Knoxville, TN 37996-1410. 

Two cation-exchange thermometers were applied to electron microprobe data from a 
petrologically diverse suite of L-group ordinary chondrites in an attempt to determine the effects of 
post-shock cooling and annealing on mineral re-equilibration. All analyses were taken from matrix 
minerals which should be more sensitive to secondary thermal effects then those within 
chondrules. Fe - Mg exchange between olivine and spinel [1] was utilized to monitor cooling rates 
of high-temperature mineral phases. Ni exchange between metal and troilite [2] provided 
information on post-shock annealing within the low-temperature mineral portion. Both 
thermometers have been calibrated at temperatures and pressures appropriate for meteorite study. 

Samples selected for this study reflect the diverse thermal and shock history recorded in L- 
group ordinary chondrites. Hallingeberg, Bjurbole, and Ausson are low-shock (below S4 shock 
[3]) chondrites that lack evidence of post-shock melting. Kyushu and McKinney are high- 
t ( a ^ ove S4 stage) that contain small melt pockets of metal, sulfides, and silicates. 

a odmon, McKinney has a shock-blackened texture produced by rapid injection of metal and 
sulfide into surrounding fractures [3], Y793421, Y75097, and EET87555 are L chondrite breccias 
that contain small, isolated melt inclusions. Shaw contains numerous small silicate melt dikes that 
* nt0 surroun ding brecciated materials (the previously described ‘gray lithology’ 
14J). PAT91501 has a cumulus texture and a mineralogy reflecting a possible history of partial to 
complete melting [5]. 

Fig 1 is a summary of the temperatures obtained by both geothermometers. The lengths of the 
bars indicate the ranges of temperature recorded for six to ten mineral pairs from each sample. Both 
analytical and calibration errors for the two thermometers are approximately 50°C. 

Low-shock samples yield olivine-spinel temperatures appropriate for slowly cooled, 
unequilibrated L chondrites (650-700°C). The range of metal-sulfide temperatures correlate with 
the rate of post-shock annealing and not with petrologic type. Hallingeberg (L3, S3) shows the 
greatest variation in metal-sulfide temperatures while Bjurbole (L-LL4, SI) displays the smallest 
variation in temperature range. Faster cooling from an initially higher degree of post-shock 
reheating (for Hallingeberg), with slower cooling from an initially lower degree of reheating (for 
Bjurbole), could explain this apparent trend. Ausson (L5, S2) has a temperature range that is 
intermediate between the above samples. The two Yamato breccias also plot in the same region as 
the unequihbrated chondrites. Since these breccias contain melted L chondrite inclusions the low 
temperatures recorded by both thermometers could indicate very slow rates of cooling from 
samples that originated beneath a thick, thermally insulating blanket of regolith. 

High-shock samples record olivine-spinel temperatures within the range of equilibrated L 
chondrites (~750«C, from [6]). Kyushu displays a wider range of metal-sulfide temperatures than 
seen m the unequilibrated chondrites owing to the proximity of large shock-induced melt pockets to 
several analyzed mineral pairs. McKinney displays a much narrower range in sulfide-metal 
temperatures due to the rapid heating (with subsequent rapid cooling) of metal and sulfide prior to 
portions being injected into pre-existing fractures. The breccia EET87555 has a mean for both 
thermometers that falls within the same temperature range as the high-shock samples. The extreme 
range of temperatures seen in this sample, however, suggests that the fragments that comprise this 
breccia formed from thermally diverse sources and that, once accreted, the sample was not buried 
to any great depth within the parent body. 

PAT91501 is a sample chondrite melt. The high temperatures recorded by the olivine-spinel 
thermometer are consistent with other evidence suggesting an origin in a melt sheet within an 
impact crater on the parent body [6], Metal-sulfide temperatures are similar to those in 
unequihbrated L chondrites. Such temperatures could have been produced if this melt sheet were 
covered by regolith material, resulting in slower cooling of these phases. Slow cooling is also 
consistent with the coarse grained, cumulate texture of this sample. 

Olivine-spinel temperatures recorded in the gray lithology of Shaw are intermediate between the 
unmelted equilibrated samples and the PAT melt inclusion. Either the dike material was not wholly 
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melted before it was shock-injected into the surrounding breccia or the breccia acted as an insulator 
to allow these minerals to equilibrate to lower temperatures. Metals and sulfides are absent from 
this portion of Shaw. The temperatures that this mineral pair preserves are directly correlated to 
distance from this lithology. Pairs adjacent to the melt dike record higher tem^ratures (near 
750°C). Those within a centimeter of the dike record lower temperatures (-550 L). 


References: [11 Sack R.O. and GhiorsoM.S. (1991) Am. Mineral 76 827-847. [21 BmnenNX «d_(1978> 
Cenrhpm Intern 15 120-127 [3] Stoffler D. et al. (1991) Geochim. Cosmodum. Acta 55,3845-3867. 

Gl e. “(IW: CeocL Cosmochim. Ada 43. 323-337. [5] Harvey R P. (1993) Snbnuoed,o 
Meteonucs. [6] McSween H.Y., Jr. et al. (1988) in Meteorites and the Early Solar System, 102-113. 




Olivine - Spinel Temperatures (°C) 


Figure 1. Means and temperature ranges for two thermometers plotted for unmelted chondrites 
(solid symbols) and breccias and melt inclusions (open symbols). Errors for each 

thermometer would extend each bar 40 to 50°C. 
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PRIMITIVE MATERIAL IN LUNAR HIGHLAND SOILS. P.H. Benoit 1 , J.D. Batchelor 1 * 2 , SJ. 
Symes 1 , and D.W.G. Sears 1 . 1 Cosmochemistiy Group, Department of Chemistry and Biochemistry, 
University of Arkansas, Fayetteville, AR 72701, USA. 2 Aiialytica] Services, Reynold’s Electric and 
Engineering, P.O. Box 98521, Las Vegas, NV 89193. 

The surface of the Moon , the source of all current lunar samples, has been heavily processed since its formation. 
The lunar highlands are particularly interesting in this regard; they represent the first material to crystallize on the 
Moon and they are the most heavily modified by subsequent impact processing. In fact, virtually all lunar highland 
samples are heavily brecciated. In this paper we present induced thermoluminescence data for Apollo 16 and 17 soil 
samples and 16 lunar rocks (including three lunar meteorites); we find that there is feldspar in the lunar soils which 
has been less thermally processed than most highland rock samples. On the basis of these data we suggest that simple 
comminution to produce soil is thermaUy a less extreme process than brecciation and hence the least thermally 
altered highland material in the lunar collection may be found in the lunar soil 

Introduction. The search for "primitive" lunar highlands material in the lunar sample collection has been a 
difficult and only partially successful one. A number of monomict breccias have been recognized which can be 
considered as chemically "pristine" [1], However, these breccias have been subjected to a fair degree of 
thermal processing associated with the brecciation event(s). Even rarer are the true igneous highland rocks, 
which show no signs of brecciation. The collection of lunar highland samples is thus heavily dominated by 
brecciated, if not partially or wholly impact-melted, material. 

Induced thermoluminescence (TL) measurements are useful in the study of the thermal history of 
brecciation and regolith processing; we have previously conducted studies of ordinary chondrite regolith 
breccias [2] and present results for lunar cores at the current meeting [3]. There are two separate types of 
data obtained from the TL glow curves. The maximum intensity of the TL signal (TL sensitivity) reflects the 
abundance of phosphors in the sample. In the case of most lunar, achondrite, and ordinary chondrite samples 
feldspar is the dominant phosphor. The peak temperature in the glow curve reflects the average degree of 
order in the feldspar. Ordered high-Ca feldspar has a TL peak temperature of 90°C, while the disordered 
form has a peak temperature of 240°C [4]. 

TTie induced TL data were collected using the same technique and apparatus that we have used to study 
achondrites [4]. Sample processing was limited to gentle grinding. Thermoluminescence sensitivity values are 
reported relative to Dhajala (H3.8) which was used as a laboratory standard throughout these and previous 
measurements. Our samples include various depth intervals in the lunar cores 60009/10,60013/14, and 70001- 
70009, the impact melt rocks 14310, 60315 and 68415, and the lunar highland meteorites ALHA 81005, 
Y82192 and MAC 88104/5 in addition to various mare basalt samples. 

Results. Our results are summarized in Fig. 1. Although a number of rock samples show inflections at low 
glow curve temperatures which may be caused by polymorphs of quartz (e.g., 60315, 12021), no other glow 
curve peaks aside from those associated with feldspar were observed. As noted by Symes et al. [5] the 
highland rock samples have higher TL sensitivities than the mare basalt samples but have TL peak 
temperatures which are similar to the mare basalts. While the TL sensitivities of the two Apollo 16 cores are 
very similar to those of the highland rock samples, their TL peak temperatures are significantly lower. The 
Apollo 17 core samples show low sensitivity levels similar to mare basalts, but also have significantly lower TL 
peak temperatures than either the mare basalts or the highland rock samples. 

Discussion. As described by Symes et al [5], the hiatus between the highland and mare basalt samples in 
TL sensitivity reflects differences in feldspar abundance between these two broad classes of lunar samples, 
with the highland rock samples having much higher feldspar abundances compared to mare basalts [1]. The 
high peak temperatures of the highland rock samples are, however, related to thermal history. It is apparent 
that the feldspar of highland cumulate rocks crystallized from a magma and cooled slowly, allowing the growth 
of large crystals. Under such conditions feldspar should be highly ordered, as is the case for terrestrial 
analogues. The high degree of feldspar disorder, as shown by their high TL peak temperatures, in the three 
impact melts (14310, 60315, and 68415) is not unexpected; virtually all the feldspar in these rocks crystallized 
during very rapid cooling. The variation in the peak temperatures of these samples may reflect mixing of 
disordered feldspar crystallized from the melt with more ordered surviving clasts. Alternatively, the variation 
may reflect differing degrees of felspar order as a result of different cooling rates, with 68415 having a lower 
cooling rate than 60315 and 14310; the differences in texture between 68415 and 14310 (an impact melt 
breccia) is evidence for this possibility [1]. The explanation for the difference between 60315 and 68415 is less 
certain, but 60315 contains more mesostasis than 60415 and hence may have cooled more rapidly. 

All three of the lunar highland meteorites in the present study are regolith breccias. Of the three, Y82192 
and ALHA 81005 have very similar TL parameters while MAC 88104/5 has lower TL sensitivity and a higher 
peak temperature. It is likely that these observations reflect the different cooling histories of these 
meteorites. While MAC 88104/5 has relatively pristine interstitial maskelynite glass, the equivalent glass in 
Y82192 and ALHA 81005 is completely devitrified to submicrometer-sized crystals of plagioclase [6]. The 
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higher TL sensitivity and lower peak temperatures of Y82192 and ALHA 81005 compared to MAC 88104/5 
reflects the abundance of devitrified glass. In any case, although these meteorites have lower TL peak 
temperatures than two of the impact melts, it is clear that they still contain high abundances of disordered 
feldspar and hence have been heavily thermally processed compared to the supposed ordered parent rocks. 

Tne lunar cores have the lowest TL peak temperatures of any of the lunar materials yet measured. In 
addition, however, as described by Symes et aL [3] we observe a trend of increasing TL peak temperature and 
decreasing sensitivity as a function of soil maturity. Thus, the lunar samples in our present database with the 
lowest TL peak temperatures are core samples from immature intervals in the stratigraphy. In the case of the 
60009/10 core (Fig. 2), the TL parameters generally correlate with the abundance of the ferroan anorthosite 
component, calculated from bulk chemical analyses [7], However, as is apparent from the grouping on the 
basis of maturity in Fig. 2, this trend is largely produced by a fortuituous correlation between ferroan 
anorthosite content and regolith maturity in this core. 

There are two non-exclusive explanations for the low TL peak temperatures of feldspar from immature 
portions of the lunar cores. One possibility is that feldspar in these portions of the core have somehow been 
annealled at fairly high temperatures and slowly cooled, thus converting disordered feldspar to ordered 
feldspar. Since the only significant heat source is impact processing, however, this does not explain why it is 
the immature rather than the mature portions of the cores which have the highest degree of feldspar order. 
Another possibility is essentially a mixing model. In this case, primary ordered feldspar, produced by slow 
cooling after crystallization from a magma, is the source of much of the feldspar in the cores. Not surprisingly, 
much of this feldspar is associated with the ferroan anorthosite component (Fig. 2). During regolith 
processing a portion of the primary ordered feldspar is converted to disordered feldspar (in addition to some 
converted to non-luminscent glass). Thus, with increasing degrees of regolith processing, the average degree 
of feldspar disorder increases, which is reflected in the larger TL peak temperatures of mature portions of the 
cores. 

In conclusion, our data indicate that the average degree of order in feldspar is greater in lunar cores (soils) 
than in any highland rocks examined to date and that the average degree of order is greatest in the most 
immature portions of the cores. We suggest that these data are best explained by relatively small amounts of 
thermal processing in the soil samples compared to the lunar breccias (rocks). Thus, from the standpoint of 
thermal reprocessing, portions of the lunar soil are more pristine than any of the highland rocks that we have 
yet measured. 

Acknowledgements. We wish to thank the curators of the lunar processing laboratory for their assistance in sampling and D.A. McKay for 
discussions. This study supported by NASA grant NAGW - 3519. 


Fig. 1 (top). Induced TL sensitivity vs. TL peak temperature for lunar 
core and rock samples. The soil samples from cores 60009/10, 
60013/14, and 70001-70009 have significantly lower TL peak 
temperatures than lunar rock samples. This indicates the presence of 
a greater amount of ordered feldspar in the soil samples compared to 
the rock samples. Fig. 2 (bottom). In the 60009/10 core there it a 
correlation between induced TL parameters (exemplified by TL peak 
temperature) and anorthosite component (taken from [7]). However, 
this alone cannot explain the trends observed in Fig. 1 and the 
apparent correlation is probably the result of a correlation between 
anorthosite component and maturity in this core. 
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SHOEMAKER-LEVY 9 AND THE TIDAL DISRUPTION OF COMETS W Benz, 
University of Arizona; and E. Asphaug, NASA Ames Research Center 

The break-up of Periodic Comet Shoemaker-Levy 9 into multiple pieces following its grazing encounter 
with Jupiter in July 1992 can be used to study tidally-induced fracture in comets. This spectacular event 
allows us not only to set limits on the size, strength and density of Shoemaker-Levy 9 itself, but provides 
invaluable guidance to numerical modeling of such encounters. 

In an extensive treatment of tidal breakup which assumed self-gravitating, homogeneous, perfectly 
elastic bodies, Dobrovolskis 1,2 derived simple analytical expressions for the tidally-induced surface and 
central stresses. Both can be cast in such a way that Poisson’s ratio is the only material dependent constant 
entering in these expressions. For various cometary radii, densities and Poisson’s ratios, we compute upper 
limits to the comet’s tensile strength for either surface or central fracture. Fig. 1, computed for a closest 
approach distance of 1.3 Rj and a cometary radius of 5 km, displays both upper limits to the tensile strength 
of the comet as a function of its density. For both stresses we found the two Poisson ratios (0 < v < 0.5) 
that maximized and minimized our upper limits. These two curves for both central and surface strength are 
shown on Fig. 1. Since all materials have Poisson ratios between 0 et 0.5, the space between the curves can 
be seen as uncertainties in the derivation of our upper limits due to unknown cometary material properties. 
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For densities higher than 0.8 g/cc, fracture starts on the surface, whereas for lower densities, fracture 
initiates at the center. Note that the greatest strength still resulting in central fracture is strongly peaked 
at a density of about 0.5 g/cc, as denser comets are shielded by self-gravity and lower-density comets do not 
build up tidal stresses as high. Thus, if comets come with a large distribution of intrinsic strength, the ones 
most likely to be tidally disrupted are those with a density near 0.5 g/cm 3 . The linear increase in the upper 
strength limit for greater density comets is the result of the linear dependence of tidal force on cometary 
mass. For comparison purpose, the tensile strength of water ice 2 in laboratory samples is 2 x 10 7 dynes/cm 2 
or 2500 larger than our upper limit for central fracture. However, if one accounts for the fact that strength 
of an object scales 3 like R~ a with 0.5 < a < 0.24, we obtain a corresponding strength for a 5km pure ice 
block of 8.9 x 10 4 or 1.5 x 10 6 dynes/cm 2 depending on a (for an assumed laboratory sample of 10 cm). 
These numbers are still between 10 to 190 times larger than our upper limits. 

Whether both surface and central failure must be initiated as a criterion for breakup, or either one 
of them is sufficient, remains a subject of disagreement. To resolve this debate, we model the details 
of cometary breakup using a three-dimensional Smooth Particle Hydrodynamics (SPH) 4 code modified to 
simulate fracture in small solid objects 5 . At the lower stresses associated with brittle failure, we use a rate- 
dependent strength based on the nucleation of incipient flaws whose number density is given by a Weibull 
distribution. These flaws nucleate fracture once a local strain threshold has been exceeded. The effect of 
growing cracks on the dynamics is described by a new state variable D (“damage”) 6 , 0 < D < 1 which affects 
the stress tensor in such a way that a totally damaged region cannot sustain any tensile or shear stress. 
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TIDAL FRACTURE OF COMETS; W Benz and E Asphaug 

This scheme was extensively tested on numerous analytical and experimental results with great success. 
For example, our code is only one currently available correctly predicting central cores of the appropriate 
mass laboratory impact experiments 5 . 

Figure 2 illustrates the outcome of the two modes of fracture. We plotted velocity vectors at particle 
locations in a narrow equatorial slice for a case where fracture initiates on the surface (left panel) and in 
the center (right panel). As can be seen from this Figure, surface fracture results in a slow erosion of the 
outer layers on the near and far side of the comet, whereas central fracture actually breaks the comet into 2 
hemispheres. From these results, we conclude that in order for an object to be broken up into many sizeable 
fragments, fracture has to initiate in the center. Indeed, surface fracture by eroding the near and far side 
of the object actually reduces the size over which tidal stresses can act, thus effectively shielding the inner 
parts from further disruption. 



x (km) 


Fig. 2 


x (km) 


Using the requirement that fracture has to initiate in the central region together with Fig. 1, implies 
a very strict upper bound for comet Shoemaker-Levy’s density of 0.8 g/cm 3 . It is important to recall that 
our upper limits for both strength and density are very conservative ones. Indeed, we assumed in deriving 
these numbers that breakup occurred at closest approach and that all the fragments can be obtained in one 
episode of fragmentation. Thus, we argue that although the radius of comet Shoemaker-Levy might be quite 
large (5km), the mass involved may not be that large owing to the low density of the material. 

These results have been obtained assuming the comet is made of a homogeneous material and obeys 
the usual laws of elasticity as a single object. Clearly, this may not be the case as for example, if comets are 
made out of a collection of loosely bound smaller entities, then fracture initiates at the boundaries between 
these “cometesimals” and the comet breaks up into a subset of the original fragments. We are currently 
investigating numerically the breakup of these heterogeneous comets. 

References: (1) Dobrovolski, A.R. (1982) Icarus , 52, 136-148.; (2) Dobrovolski, A.R. (1982) Icarus , 
88, 24-38; (3) Housen K., and K. Holsapple (1990) Icarus , 84, 226-253; (4) Benz, W. (1991) in Numerical 
Modeling of Nonlinear Stellar Pulsations. Problems and Prospects , ed. J.R. Buchler (Dordrecht: Kluwer 
Academic Press), p. 269-288; (5) Benz, W., and E. Asphaug (1994) Icarus , in press.; (6) Grady, D.E., and 
M.E. Kipp (1980) Int. J. Rock Mech. Min . Sci. Geomech. Abstr. 17, 147-157; 
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future, grains should be able to place realisne constraints on 

pl^ste^cmSitions^d cmnpositions of stellar atmospheres. 
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ORIGIN OF AMORPHOUS RIMS ON LUNAR SOIL GRAINS; Thomas J. 
Bematowicz, Robert H. Nichols Jr. and Charles M. Hohenberg, McDonnell Center for the Space 
Sciences & Physics Department, Washington University, St. Louis MO 63130-4899, USA 

In a recent paper, Keller and McKay [1] have challenged the generally accepted idea that 
the ~50nm amorphous rims on lunar soil grains are the result of solar wind (SW) ion damage [2], 
They instead propose that these rims are almost entirely impact-derived rock vapor deposits 
(based on compositional differences between grain rims and interiors observed in Apollo 11,16 
and 17 silicate soil particles), and conclude that SW radiation effects are of minor importance 
relative to vapor deposition. A decisive test of this hypothesis should be provided by a study of 
the surfaces of ilmenite (FeTiC> 3 ) in mature lunar soils, since this mineral (not investigated by 
Keller and McKay) is compositionally distinct from silicates and constitutes only a minor fraction 
of the regolith. Specifically, the vapor deposition model implies that any amorphous rims 
observed on ilmenites should be dominantly silicate vapor deposits. 

To test this prediction, we have performed complementary noble gas and TEM studies of 
7 ilmenite grains (90-125pm) separated [3] from the mature lunar soil 71501 (with a modal 
ilmenite abundance of 8% [4]). The grains were imbedded in resin and partially sliced with a 
diamond-blade ultramicrotome to produce sections thin enough (70 nm) for study in the TEM. 
The remainder of each grain was then individually analyzed for noble gases using the the same 
laser extraction techniques as in a recent study [5] of 90 ilmenites from 71501. All of the grains 
in the present study are rich in SW gases (0.04 - 0.4 ccSTP ^He/g) and have He and Ne 
concentrations and Ne isotopic ratios within the range observed in the much larger ilmenite suite. 
The interiors of the grain sections are heavily shattered by the slicing, but portions (tens of pm) 
of the outermost surface of the grain immediately adjacent to the embedding resin are frequently 
preserved to a depth of 1 -2pm. This allows for comparative elemental analysis of the surfaces 
exposed to SW and the unexposed ilmenite beneath diem. We performed energy dispersive X- 
ray analyses of the grain sufaces (73 analyses) and near-surface interiors (49 analyses) with a 20 
nm, 200kV electron beam, using a Noran detector sensitive to elements with Z>5. 

The interior analyses reveal substantial Mg and minor Cr substitution for ferrous iron in 
these ilmenites (Mg/Ti=0.04-0.17; Cr/Ti=0.01), but (Fe+Mg+Cr)/Ti is unity within analytical 
uncertainty. Compared to the interior composition, the outermost 50nm of surface is typically 
enriched in Mg, Al, Si, S and Ca. These excess abundances are displayed in Fig. 1 as the mean 
difference between surfaces and interiors in terms of atomic ratios relative to Ti. Titanium is 
chosen as the reference element because its atomic abundance is less than that of all of the other 
major elements in 71501 [6] and because it is the dominant cation in ilmenite. Not included in the 
figure are analyses of surface glass splashes (which comprise at most a few percent of the surface 
and thus are not representative of the bulk surface composition). In Fig. 1 the ilmenites are 
ordered by increasing abundance of surface Si, the most abundant excess element. It is evident 
that the excess elements are far less abundant than Ti (mean excess /Ti < 0.2), so that the surfaces 
are compositionally similar to ilmenite. In the sense that the surfaces of the ilmenites are 
dominated by Ti, as opposed to Si and the other major elements in the bulk soil, the idea that 
vapor deposits entirely constitute the amorphous rims on lunar grains is seen to fail. On the other 
hand, the present work shows that there is indeed some vapor contamination of grain surfaces, as 
revealed by the element excesses. Within analytical uncertainty, the mean Mg/Si and A 1/Si ratios 
in the excess are identical to those in the bulk soil [6] and to the ratios measured in the surface 
glass splashes. On this basis, it is reasonable to ascribe these excess surface elements to 
contamination by impact-generated rock vapor. Sulfur, on the other hand, is surface-enriched by 
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an order of magnitude relative to the bulk soil, consistent with the observations of Keller and 
McKay [1]. Based on the surface abundances of Mg, Al and Si, all of the calculated excesses are 
probably low by 3-5% due to Ti that may have accompanied these elements in the vapor deposits, 
but this does not affect the conclusion that the surface composition of the ilmenites is essentially 
that of the interior, except few minor rock vapor contamination. 

The surfaces of all of the ilmenites, regardless of degree of vapor contamination, are 
disordered to depths of 30-80nm as revealed by high resolution imaging and convergent beam 
diffraction. In addition to amorphous regions, the surfaces typically have randomly oriented 
ilmenite crystallites (clOnm) that are presumably the result of surface recrystallization. In the most 
contaminated grain (ILM6) there are also surface blebs (20-50nm) of metallic Fe, most likely 
formed by reduction of impact vapor iron on contact with the SW hydrogen-saturated grain 
surface. We may plausibly attribute the surface disorder of the ilmenite grains to SW ion damage, 
since the surface concentration [5] of SW He inferred for the most gas-rich ilmenites in 71501 is 
up to 5 x 10' 3 ccSTP/cm 2 , equivalent to a flat target He fluence of 10 17 atom/cm 2 . Simulation 
experiments [2] show that such fluences produce severe radiation damage in ilmenite, consistent 
with our observations. To our knowledge this is the first observation of SW ion damage in 
ilmenite. Thus, not only do the present results reject the vapor deposition model for the origin of 
lunar grain amorphous rims, but they also give new evidence in favor of the SW ion damage 
model. 

Returning to the discussion of Fig. 1, we note that, on the average, there is a 10% 
deficiency of Fe relative to Ti in the ilmenite surfaces compared to their interiors. Vapor addition 
of Ti to the grain surfaces cannot account for this, since Fe should be at least twice as abundant as 
Ti in vapor generated from the bulk soil [6]. Detailed investigation of the disordered grain 
surfaces, the crystalline interiors and the region between them revealed no reservoir for this 
missing Fe. Given that Mg/Si and Al/Si in the surface vapor deposits are unfractionated relative to 
the bulk soil, we are forced to conclude that the Fe has been preferentially removed. Whether this 
occurred on the lunar surface or during the heavy liquid separation used to isolate the ilmenite [3] 
remains to be determined. 

REFERENCES : [1] Keller L. and McKay D. (1993) Science 261, 1305; [2] Bibring P. et al. 
(1974), EPSL 22, 205. [3] Benkert J. et al. (1993), /. Geophys. Res. 98, 13,147; [4] Heiken G. 
and McKay D.(1974), Proc. 5th Lun. Sci. Conf. v.3, 843; [5] Nichols R. et al. (1994) Geochim. 
Cosmochim. Acta 58, in press; [6] LSPET (1973), Science 182, 659. 

Figure 1: 







LPSCXXV 


107 


S/3.-J? /t&s.ottf N94-35407 

CRATERS IN ALUMINUM 1100 TARGETS USING GLASS PROJECTILES AT 1-7 KM/S; R.P. 
Bernhard , T.H. See F. Harz 2 , and M.J. Cintala 2 , 'Lockheed-ESC, C23, 2400 NASA Road.l, Houston, TX 
77058, NASA Johnson Space Center, Solar System Exploration, Houston, TX 77058 


INTRODUCTION: We report on impact experiments using soda-lime glass 
spheres of 3.2 mm diameter (Dp) and aluminum targets (1100 series). The purpose 
is to assist in the interpretation of LDEF instruments and in the development of 
future cosmic-dust collectors in low-Earth orbit. Because such instruments 
demand understanding of both the cratering and penetration process, we typically 
employ targets with thicknesses that range from massive, infinite half-space 
targets, to ultrathin films (e.g., [1]). This report addresses a subset of cratering 
experiments that were conducted to fine-tune our understanding of crater 
morphology as a function of impact velocity (V). Also, little empirical insight 
exists about the physical distribution and shock-metamorphism (unmelted / melted 
/ vaporized / fractionated) of the impactor residues as a function of encounter 
speed, despite their recognized significance in the analysis of space-exposed 
surfaces [2, 3, 4], 



Soda-lime glass spheres were chosen as a reasonable analog to 
extraterrestrial silicates, and aluminum 1100 was chosen for targets, which among 
the common Al-alloys, best represents the physical properties of high-purity 
aluminum (/.<?., one of the choice materials for stacked, thin-film collectors). 
These materials complement existing impact studies that typically employed 
metallic impactors and less ductile Al-alloys (see [5] or [6] for summaries). We 
have completed dimensional analyses of the resulting craters and are in the process 
of investigating the detailed distribution of the unmelted and melted impactor 
residues via SEM methods, as well as potential compositional modifications of the 
projectile melt(s) via electron microprobe. The following progress report 
concentrates on the dimensional analysis. 

RESULTS: Figure 1 shows "low" velocity (<4.5 km/s) craters in cross- 
section (at identical scales; V indicated by insert). Note that the craters' depth- 
diameter relationship (P/D c ) changes from relatively deep structures at <3 km/s, to 
aspect ratios that closely resemble "hemispherical" structures (P/Dc = 0.5) typical 
for V > 4 km/s [5], Measurements of the depth-diameter ratios are plotted in 
Figure 2 and the experimental craters are obviously not perfect hemispheres. 
Craters in aluminum resulting from 5-7 km/s impacts typically yield an average of 
P/D c = 0.56. Although the experimental trends in Figure 2 seem to indicate that 
relative crater depth increases again with increasing velocity, this is not the case as 
demonstrated by depth-diameter measurements of -400 craters in aluminum 6061- 
T6 alloy from LDEF [7], Average values for P/D c of 0.589, 0.581 and 0.574 were 
observed on surfaces from the trailing, leading and space-facing directions that 
have mean encounter velocities of -22, 13, and 17 km/s, respectively. LDEF 
results and experimental observations suggest that the relationship of P = 0.5 D c is 
only approximately correct, when calculating projectile sizes from crater diameters 
or depths. 

Figure 3 illustrates the relationship of crater diameter (D c ; measured at the 
initial target surface) to impact velocity. The slope of a linear regression line 
through the D c measurements reveals a velocity exponent of 0.564, modestly 
smaller than the 0.666 resulting from generally larger craters of [5], and 
substantially larger then the 0.44 from much smaller events [8], The cause of 
these variances is unknown at present. 

Finally, Figure 4 presents select "high-velocity" craters (>4.7 km/s) in plan 
view, providing a preview of the ongoing SEM and microprobe studies that 
concentrate on the characterization of the projectile residues. The hummocky 



Figure 1. 
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interior of the 4.7 km/s crater is composed of unmelted glass fragments that float on top 
of a glass liner. The number of unmolten fragments decreases with increasing speed 
and the projectile is completely molten at V >6 km/s. Note the substantial radial 
velocity component of the melt: starting at ~5.8 km/s an increasingly larger area of the 
crater bottom is devoid of melt, because larger and larger melt fractions will drape the 
walls and/or be ejected from the crater altogether. These observations suggest limited 
utility of massive targets as dust collectors, because large fractions, possibly all, of the 
projectile may escape the crater cavity at very high encounter speeds typical for low- 
Earth orbit. The projectile residue remaining in -50% of all LDEF craters is below 
detection thresholds via SEM-EDX methods [2]. 




Figure 3. 

REFERENCES: 1) HOrz et al. (1994), Int. J. Impact Engng., Vol. 15, No. 3, in press, 

2) Bernhard, R.P. et al (1993), LDEF 2nd Post Retrieval Symp., NASA-CP 3194, 551-573, 

3) Amari et al ( 1993), LDEF 2nd Post Retrieval Symp., NASA-CP 3194, 513-528, 4) 
Simon C.G. et al (1993), LDEF 2nd Post Retrieval Symp., NASA-CP 3194, 677-692, 5) 
Cour-Palais, B.G. (1987), Int. J. Imp. Engng., 5, 221-237, 6) Watts, A. et al. (1993), NASA 
NCR-188259, 92 pp. 7) Love, S.G. et al. (1994) Int J. Imp. Engng., submitted, 8) Iglseder, 
H. and Igenbergs, E. (1990), Int. J. Imp. Engng, 10, 271-280. 
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A MARTIAN MANTLE WITH PERIDOTITIC VERSUS CHONDRTTir x/r„./c- a aw/- 
R C M°R J ^ P ^ CA ]' IONS FOR MANTLE MINERALOGY AND MELTING REACTIONS * 
Rd. N.W^V^ashin^onDC - Washing.^a^ch 

INTRODUCTION: 

Mantle compositions derived from cosmochemical arguments for the Earth Venus and 
Mars, share a similarity to chondritic compositions. If a carbonaceous chondrite Me/Si atomic 

.e^s^rT/ntts "„' h be la r ‘ ."TV"™"' *“"«* W"**- ^ 

Mg/(Fe+Me )*100 fl) Earth and G a T vanatlons in their m g # / the atomic ratio 
67 to 78 fl 2 31 The FartN, t Y m ° delS T ir ° n 'P 00r ' m S# 76 to 99, relative to Mars, mg# 

peridotite noduls ^ n T 9 “ 3 S ° been predkted from the imposition of 

f, . ° nodules. The mg# of these samples fall largely within 87 to 92, but their atomic 

VSLI Al/Ca LtwcrZn 

cnonan ic, 1.2 vs. 1 3-1.4 (4,5). Previous experimental studies to determine the mineraloev 
and melting phase relations of an iron-rich Martian mantle have been Trtormed wi hT 

roww« a The DW ( > ^ "Elites, chassigni.es ) pa re „i „„ 

(DW) ( 6 ). The DW composition has chondritic ratios of Me/Si and Al/C a 7 c r iu 

a.udy the subsolidus mineralogy and partial meltin/^/se“utio^ftaTSS* Wk 

?erS, , r, S nS thC SyS,em CMASNF have been experimentally determined at 15 kbar 
PendC.ltc (atomic rat.o Mg/Si.1.3, Al/Ca=1.2) and chondritic (Mg/Si=l 1 Al/CaTsi 
compost,tons w„h mg#s of both 75 and 85 and Na 2 O= 0.5 «t% were Jud!ed Table 1) The 

ironrirh T °J r, Part m '" produced 3,15 kb " and near solidus temperatures from the most 
' r °" " c ,h Pandotite compositton studied was also determined. 

EXPERIMENTAL TECHNIQUE: 

diampi Fx P er *™ en ^ s were performed in an end-loaded piston cylinder apparatus with a 0 5 " 
XLf 13 Pyrex-NaCl-AlSiMag cell assembl/ Starting materials were 

J . . ro ™ spec P ure oxldes ground under ethanol in an agate mortar for one hour reduced 

ethaSl miXing ^7*™ (1 ° 00 ° 9 f ° 2 at ° ne '° 8 unit below Q FM ) for 24 hours, and reground under 

was^“ ledTnT pruned 'r, 11 "" 5l "" -g. of a s„rtingTmposi"fon 

t j ® phite lined platinum capsules. Run duration varied from 48 hours at near 

sohdus temperatures to 3 hours at near liquidus temperatures. The 

the iron-nch pendotite was determined using the diamond technique (7). A sintered diamond 
chip weighing 0.14 mgs was placed in the center of the peridotite mix and sealed in a m-aohite 
RESULTS " 11111 CapSUle ‘ Run duration for this experiment was 48 hours. ^ P 

20"Clnwpr7! 8 M 5 T POSiti ° nS m 3nd PB have solidus temperatures at 15 kbar that are 
-20 C lower than the solidus temperatures of the mg# 85 compositions MA and PA. The mineral 

ofTh7 mil T e 1 -j k 5f r S ° Hdii ° f the chondritic compositions MA and MB and at the solidus 

oiivi„, m 8 T ;e 8 x y -c“Tb;: i0 ,; z Mrz ox z,\ otthopyio r .♦ 

pigeonite with a C.SIO 3 component (Wo) of <20 mole*. The' mineml a^mZ^a, the'lS 
kbar sohdus of the mg# 75 peridotitic composition PB is a spinel wehrlitf sninel * 

aughe^ftWo^SZdeT^ri ' 11 '’ 0155 ''' 0 ”"' S ' ab ' e “ ' he sol,dus of lhe PB composition is 
au g ite with Wo >25 moIe%. Clinopyroxene melts out of all of the assemblages at 40 to 60 "C 

above the solidus. Like the melt produced at ~20°C above the solidus of the DW JLu 

TOridnrt 10 ”' the partial ,^ elt composition produced at 40°C above the solidus of the mg# 75 
pendotite composition PB (in equilibrium with a spinel wehrlite assemblage? is“ ptoritic 
alkali basalt. However, the PB partial melt has a higher mg# (54.5) and if richer in Cai 
w %) and AI 2 O 3 (15.0 wt%) than the DW partial melt (mg# 47 . 8 , CaO 9.6 wt% AI 2 O 3 
13.0 wt%)- 7 ^ 43 
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DISCUSSION'^^^ STP densities ^^HeW^^^To-O^/cc^The wlctdated STP 

range of Martian mantle density propose y slightly below Goettel's estimate, by 

LddS “ l^ZZce will 

kbar solidus except the mg# 75 pendo 1 e P ■ > stability field of the Martian 

reaction that produces orthopyroxene ‘s Present m the^spinel J pB melting 

15 abs - M °" T 

35Z£S ££££ n <«• •*>-* *■ TrTr^Tnd'rotaXT.rS 

orthopyroxene may be produced a ove orthoDvroxene may only be present in 


i\ m/cp /i noi \ : n Basaltic Volcanism on the Terrestrial Planets, Pergamon Press. 2) 
References: 1) BVSP (1981) m vasainc vwuuiiou Wanke H (1985) Meteontics 

Goettel K.A. (1981) Gaopftys. Res. Lett.. 8 497. 3 ) Drete G_ and Wari* H. (1985) 

20. 367. 4) Jagoutz E. at al. (1979) Pro, Luna, P UneL ^ r ^ 

Aoki K. (1977) Contrib. Mineral, e ro., , • Kushiro I (1992) Geophys. Res. Lett., 

Contrib. Mineral. Petrol, in press. 7 ) Johnson K.T_ . 9 ) Bertka CM et al. (1991) 

19. 1703. 8 ) Harzbarg C. at al (1990) ). ^ophys-f, 6.885. 11) 

abst. EOS, 72, 317. 10) Kinzler KT and Grove T.L. (19 )]. py 

Bertka C.M. and Holloway J.R. (1993) /. Geophys. Res., B98, 19,755. 12) Longm j. 


K.J. (1993) abst. EOS, 74, 658. 

Table 1. Starting Compositions 




Chondritic 


Peridotitic 


model mantle 

MA 

MB 

PA 

PB 

oxide (wt%) 

Si0 2 

ai 2 o 3 

FeO 

MgO 

CaO 

Na 2 0 

Mg/Si 

Al/Ca 

mgt 

47.9 

3.4 

10.9 

34.6 

2.7 

0.5 

1.1 

1.3 

85.0 

43.7 

3.1 

18.7 

31.5 

2.5 

0.5 

1.1 

1.3 

75.0 

43.0 

3.5 

11.9 

37.9 

3.3 

0.5 

1.3 

1.2 

85.0 

38.8 

3.1 

20.3 

34.2 

3.0 

0.5 

1.3 

1.2 

75.0 
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THERMAL INERTIAS IN THE UPPER MM OF THE MARTIAN SURFACE 
DERIVED USING THE PHOBOS SHADOW; B. H. Betts 1 , B. C. Murray, and T. 
Svitek 2 , California Institute of Technology. ! Now at the San Juan Institute, 31872 Camino 
Capistrano, San Juan Capistrano, CA 92675. 2 Now at Orbital Sciences Corp. 

The first ever thermal images of the shadow of Mars’ moon Phobos on the surface of Mars, 
in addition to simultaneous visible images, were obtained by the Soviet Phobos '88 Termoskan 
instrument. The best observed shadow occurrence was on the flanks of Arsia Mons. For this 
occurrence, we combined the observed decrease in visible illumination of the surface with the 
observed decrease in brightness temperature to calculate thermal inertias of the Martian surface. We 
refined our preliminary model [1,2] by adding downward atmospheric infrared flux and non- 
isothermal starting conditions, and we have now compared our results to atmospherically corrected 
diurnal inertia results [3]. Most of our derived inertias fall within the range 0.9 to 1.4 (10' 3 cal cm' 2 
s -l/2 K'l), corresponding to 5 to 10 micrometer dust particles for a homogeneous surface [3,4,5]. 
Dust at the surface is consistent with previous theories of Tharsis as a current area of dust deposition 
[6,7,8]. Viking IRTM-derived inertias are based upon diurnal temperature variations and are sensitive 
to centimeter depths, whereas the shadow-derived inertias sample the upper tenths of a millimeter of 
the surface due to the short (about 20 second) duration of the eclipse. The shadow-derived inertias 
are significantly lower than those originally derived from Viking IRTM measurements (inertias of 2 
to 3.5) [8]. However, they are very similar to Haberleand Jakosky’s [3] atmospherically corrected 
Palluconi and Kieffer [8] IRTM inertias. Thus, if near surface (mm versus cm scales) layering exists 
at all in this region, it is not very significant. 

Termoskan was an optical-mechanical scanning radiometer with one visible channel (0.5-1.0 
pm) and one thermal infrared channel (8.5-12.0 pm) (see [1,9] for more information). The 
instrument was fixed to the spacecraft, pointing in the antisolar direction. We have analyzed the best 
observed and least complicated of four observed shadow occurrences (Figure 1). The elongated 
shape of the shadow in the Termoskan panoramas was due to the instantaneous field of view of the 
instrument “following the shadow” because of a combination of unusual orbital geometry (the 
spacecraft and Phobos were nearly co-orbiting) and the antisolar orientation of the instrument. 

We used the observed drop in the visible flux within the shadowed area to model the solar 
insolation as a function of both actual time since the beginning of eclipse and position in the scan. 
We then used this in three different one dimensional, finite difference thermal models for 
homogeneous surfaces (adapted from [10]). Model 1 was our preliminary model from [1,5]. Model 
2 did not assume that the pre-eclipse temperatures were constant with depth as Model 1 did. Model 3 
added a downward atmospheric flux term to Model 2, and thus is the most realistic of the three. 

By comparing the model results with the temperature drops observed in the infrared scan, we 
find most of the data fall between inertias of 0.85 and 1.2 (in units of 10' 3 cal cm’ 2 s' 1 / 2 K* 1 ) for 
Model 1, between 1.0 and 1.55 for Model 2, between 0.75 and 1.2 for Model 3 with a downward 
atmospheric flux of 20% of the absorbed pre-eclipse flux, and 0.9 and 1.35 for Model 3 with a 10% 
downward flux value (see Figure 2). The actual atmospheric flux is relatively uncertain, but probably 
was slightly less than 10% (based upon [3] and an approximate optical depth of .4). In any case, our 
main conclusions remain unchanged for the range of most likely values. 

Our results show that non-isolhermal Model 2 raises the derived inertias from the less realistic 
isothermal Model 1. Adding atmospheric downward flux in Model 3 reduces the derived inertias. 
Ironically, for this case, these two additions to the model roughly cancel each other out. The inertias 
derived from all the models are consistent with dust sized particles. 

A representative Palluconi and Kieffer [8] IRTM inertia for the shadowed region is 2.4. 
Using the suggested Haberle and Jakosky [3] corrections, this inertia becomes 1.34 for an optical 
depth 0.2 and 0.81 for an optical depth of 0.4 (with 0.3 to 0.5 typical of the period analyzed by [8]). 
Thus, the Haberle and Jakosky corrected Palluconi an d K ieffer inertias agree with our model results 
for the shadowed region to within the uncertainty of their corrections. 

Therefore, if layering of the upper mm versus the upper few cm exists at all, it is probably not 
as significant as was first thought [1], Also, consistent with the theoretical considerations of [3], our 
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modeling shows that for the inertias involved, atmospheric downward flux has considerably less effect 
upon eclipse derived inertias than upon diumally derived inertias. 

REFERENCES: [1] Murray, B.C. et al., Planetary and Space Science, Vol. 39 (1/2), 237-265, 1991; [2] Betts, B. 
H. et al., LPSC XXI, 1990; [3] Haberle, R. M„ and B. M. Jakosky, Icarus, 90, 187-204, 1991; [4] Kieffer, H. H. et 
al., J. Geophys. Res., 78, 4291-4312, 1973; [5] Jakosky, B. M., Icarus, 99, 117-124, 1986; [6] Kieffer, H. H. et 
al., /. Geophys. Res., 82, 42494291, 1977. [7] Zimbelman, J. R. and H. H. Kieffer, /. Geophys. Res., 84, 8239- 
8251, 1979; [8] Palluconi, F. D., and H. H. Kieffer, Icarus, 45, 415-426, 1981; [9] Betts, B. H., Ph.D. thesis, 
Caltech, 1993; [10] Clifford, S. M. et al., Houston, Tex., 1987. 



Figure 1: Phobos shadow images. Termoskan visible (left) and thermal (right) images showing the analyzed 
Phobos shadow occurrence on the flanks of Arsia Mons. West at top. The shadow is observed first (further West) in 
the visible, then later (to the East) in the thermal. This is due to the delay in cooling after the onset of the shadow. 
The shadow is centered approximately upon 14°S, stretching from 120°W to 110°W. Local times of day within the 
shadow vary from about 9.3 H to 10.1 H. . , , , . .. — . .... . 
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Figure 2: The lines in this plot are model surface temperatures for various thermal inertias (from 0.6 to 1.3). This 
model run used a downward atmospheric flux of 10% of the absorbed pre-eclipse solar flux. The dots are 
experimental data retrieved from thermal infrared channel. They are derived from 10 line averages of temperature 
drops at the center of the shadow relative to comparable points outside the shadow. The temperature drops have been 
subtracted from 255 K to facilitate comparison with our model results. We chose 255 K for the model because it is 
a typical temperature from the region surrounding the shadow. Most of the experimental data values fall between 
model curves corresponding to thermal inertias of 0.90 to 1.35 (in units of 10"^ cal cm ^ s ^ K ^). 
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Magellan LOS Gravity of Venus Plains Regions: Lithospheric 
Properties, and implications for Global Tectonics, d.l. Bindschadler, 
Dept. Earth and Space Sciences, University of California, Los Angeles, CA 90024-1567, 
bindsch@mgnvax.ess.ucla.edu 

Although the plains of Venus represent over 70% of the surface area of the planet, they have remained 
largely unstudied. These regions are an important constraint on models for Venus tectonics. “Catastrophic” 
models postulate that Venus’ plains were resurfaced -500 million years ago [1], while "steady-state” models 
imply a spectrum of ages for plains [2]. With regards to the plains, one can identify two end-member 
possibilities. In the first, the plains are tectonically homogeneous and at approximate thermal equilibrium with 
the interior. Such a scenario might arise, for example, as the result of a catastrophic overturn of the Venus 
mantle [3] and subsequent resurfacing. In the second, they are tectonically diverse regions characterized by a 
complex loading history, and may be significantly heterogeneous with respect to thermal gradient and apparent 
elastic thickness. This latter possibility would tend to suggest a more protracted period of Venusian tectonics. In 
addition, lowlands with relatively large negative gravity anomalies have been suggested to be regions of mantle 
downwelling [4]. The high spatial resolution of Magellan altimetry and line of sight (LOS) gravity data can be 
used to test these hypotheses for Venus’ plains regions. Initial results for the Rusalka Planitia region (10*S - 
15’N, 155'-180°E; north of Central Aphrodite Terra) include a best-fit apparent depth of compensation of 135±38 
km and very low coherence of gravity and topography at spatial wavelengths less than ~700 km. Preliminary 
analysis suggests that the effective elastic thickness of the lithosphere in this region is large, perhaps more than 
40 km. The large ADC is primarily an expression of the longest wavelengths in gravity and topography and 
suggests either a very thick thermal lithosphere, or dynamic support of long-wavelength topography by mantle 
downwelling. 

LOS gravity data are obtained from Magellan via two-way coherent Doppler tracking of the spacecraft by 
Deep Space Network stations [5]. To obtain the highest possible spatial resolution, LOS anomalies are used to 
model the vertical gravity field over localized regions of Venus using a linear inversion technique made available 
by R.J. Phillips and R.E. Grimm. Once a suitable solution for the local vertical gravity is obtained, the 
relationships between gravity and topography can be examined in both the spatial and spectral domains. In the 
spectral domain, both admittance and coherence of gravity and topography are calculated [6] and can be compared 
to simple models of lithospheric and crustal properties (e.g., Airy isostatic or elastic flexure models). 

As part of the initial analysis of Magellan gravity data, I am studying the gravity and topography of several 
lowland plains regions. Results obtained for Rusalka Planitia show a substantial negative gravity anomaly (Fig. 
1) associated with the topographic low, a large apparent depth of compensation (135±38 km), and very low 
coherence of gravity and topography at wavelengths less than -700 km (Kg. 2.). A lack of coherence at these 
long wavelengths is suggestive of a strong elastic lithosphere, comparable in strength to old oceanic lithosphere 
on Earth. Values of spectral admittance between gravity and topography shows that an Airy model based on the 
ADC estimate overpredicts gravity at all but the longest wavelengths (>-1000 km). This is consistent with a 
model in which there is downwelling convective flow at long wavelengths beneath the plains lithosphere, as well 
as shorter-wavelength loads emplaced at the surface and/or on an intra-lithospheric density interface such as a 
Venus Moho. If similar results are obtained for the other plains regions under study, this would tend to support 
more “catastrophic” models of plains formation. 

Following the approach of Forsyth[6\ and coworkers [7], it may also be possible to confirm the presence 
of a mantle downwelling and to place constraints on its physical properties. Current efforts are focused on 
obtaining estimates of lithospheric thickness and producing local inversions for a number of plains regions. 
Results of analysis of Rusalka Planitia and of other near-equatorial plains regions (including parts of Guinevere, 
Aino, Niobe, and possibly Navka Planitiae) will be presented in March. 

References: [1] Schaber, G.G., et at. , (1992), /. Geophys. Res. 97, 13, 257-13,302. [2] Phillips, R.J., el at., 
(1992) J. Geophys Res 97, 15,923-15,948. [3] Parmentier, E.M., and P.C. Hess, (1992), Geophys Res. Lett 19, 
2015-2018. [4] Bindschadler, D.L., el at., (1990) Geophys. Res. Lett. 17, 1345-1348; Bindschadler, D.L., el at., 
(1992) /. Geophys Res 97, 13,495-13,532; Phillips, R.J., et at., (1991), Science 252, 651-658. [5] Konopliv 
A.S., et at., (1993), Geophys. Res Lett. 20, 2403-2406. [6] Forsyth, D.W., (1985), J. Geophys. Res. 90, 12623- 
12632. [7] Bechtel, T.D., et at., (1987), Geophys. J R astr. Soc. 90, 445-465; Zuber, M.T., et at., (1989) J 
Geophys. Res. 94, 9353-9367. 




Wavenumber (1/km) 


(Flff. 2) Free-air coherence of gravity and topography. Solid lines are theoretical curves for elastic plates of varying 
thickness (10-125 km) with loading equally partitioned between the top and bottom of the plate. They provide a poor 
fit to observations and are included solely for reference. Incoherence at wavelengths < 700 km suggests a thick elastic 

lithosphere. 
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THE UNIQUE CARBONACEOUS CHONDRITE ACFER 094: THE FIRST CM3 
CHONDRTTE (?) A. Bischoff and T. Geiger, Institut fur Planetologie, Wilhelm-Klemm-Str. 

10, 48149 Munster, Germany. 

Acfer 094 is a small sample (82 grams) recovered from the Sahara and has recently been 
classified as a CO(CM)-chondrite [1,2]. Based on chemical and mineralogical investigations and 
isotope studies Acfer 094 can be characterized as follows: The sample has trace element 
characteristics of a CM2-meteorite [1,3], but the oxygen isotopes are very different to that of 
CM2-chondrites and are more closely related to the CO-samples [1]. Initial stable isotope 
studies indicate that Acfer 094 contains isotopically anomalous carbon and nitrogen [4], Minera- 
logically, Acfer 094 is a breccia consisting of abundant chondrules (mean chondrule diameter: 
165 pmj, olivine aggregates, Ca,Al-rich inclusions, and fragments embedded in an extremely 
fine-grained, sulfide-rich groundmass [5,6], Most chondrules contain Fa-poor olivine (Fa <2 ), but 
olivines in the matrix exist having a broad peak at Fa 37 . 5q (Fig. 1). These latter grams (usually <5 
nm in size) appear somewhat clastic and are different in appearance to matrix olivines known 
for example from Allende. A significant abundance of phyllosilicates like in CM2 chondrites can 
be ruled out [5,6], It is suggested that Acfer 094 is a CM3 chondrite. 


About 63 vol.% of Acfer 094 are fine-grained materials (<50 pm in size [6]). From C03 
chondrites it is known that the average matrix abundance is 33.7 vol.% [7], The abundances of 
fine-grained components in CM2 chondrites is about 70 vol% [8,9], Comparing the data of 
Acfer 094 with those of CO and CM chondrites it is obvious that Acfer 094 is more closely 

related to CM chondrites. .... 

This is also the case by comparing the abundances of various chondrule types. Porpnyntic 
chondrules (POP, PO, PP) together contribute about 90% of the chondrules; 2% of barred- 
olivine chondrules occur. The percentage of the nonporphyritic radial- 
pyroxene/cryptocrystalline (RP/C) chondrules (about 8%) is certainly higher in Acfer 094 than 
reported for CO-chondrites (2-3% [10,11]). The abundance of non-porphyntic chondrules is 
similar to that of CM-chondrites (3-8% [10]). 

Based on defocussed-beam microprobe analyses of the bulk matrix of Acfer 094 we rule out 
the occurrence of significant portions of phyllosilicates, since high totals were obtained 
(typically 90 wt%), although the matrix shows some porosity. This clearly does not speak for a 
type 2 chondrite. Although the matrix is extremely fine-grained it is suggested that olivine and 
pyroxene (and not phyllosilicates) are the most abundant phases. Based on the fact that a broad 
peak between 37 and about 50 mol% Fa in the olivine distribution exists (please note that there 
is only one peak (at Fo-rich olivines) in the distribution of olivines from chondrules; Fig. 1) it is 
suggested that the matrix olivines belong to an own primitive matrix component, similarly to 
matrix olivines in CV and CO chondrites [5,12], These results are clearly consistent with type 3 
chondrites. 

Formation and evolution of the Acfer 094 parent body 

The Acfer 094 precursor material was formed in a reservoir of the solar nebula that was chemi¬ 
cally similar to that, where the components of the CM2 chondrites derived from; however, the 
formation and evolution process of the parent body was different from that of the CM2 chon¬ 
drites. Based on observations of Metzler et al. [9] major precursor materials of the CM2 chon¬ 
drites were affected by aqueous alteration processes in the nebula or on relatively small and 
uncompacted pre-existing precursor planetesimals, that were destroyed and dispersed, prior to 
the accretion of dust mantles and CM2 parent body formation. In the case of the precursor 
components of the Acfer 094 parent body this aqueous alteration process did not take place to 
such an extent (if at all) as found in the CM2 chondrites. Based on the existence of probably 
anhydrous accretionary dust mantles around chondrules it is clear that no major aqueous 
processing occurred prior to accretion. Also, significant aqueous activity on a meteorite parent 
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body can be ruled out. However, the parent body of Acfer 094 was affected by heavy impact 
activities. This is indicated by the brecciated nature of the chondrite, the abundant clastic matrix, 
the lack of fragments of primary accretionary rock [9], and the loss of accretionary dust mantles 
arround many coarse-grained components. 

Acfer 094 has an oxygen isotope composition, which is similar to that of type 3 carbo¬ 
naceous chondrites basically consisting of anhydrous minerals. The bulk rock lies somewhat 
below (probably due to some terrestrial weathering processes) the mixing line AM of Clayton 
and Mayeda [13] connecting a weighted mean of the oxygen isotopic composition of anhydrous 
silicates (A) and the matrix composition of Murchison (M). Clayton and Mayeda [13] assumed 
that the isotopic composition of CM2 chondrites could be established by reactions of anhydrous 
silicates with a liquid rich in l8 0 and 17 0. In the case of Acfer 094 reactions of this kind (or with 
a gas) were not as significant as it was the case for the CM2 chondrites. Therefore, Acfer 094 
might be a primitive CM chondrite, whose components escaped major hydrous processes in the 
solar nebula or on small preexisting parent planetesimals. Acfer 094 may be the first CM3 chon¬ 
drite. 
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Fig. 1: The composition of olivines within chondrules and matrix of Acfer 094. 
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REFLECTANCE SPECTRA OF MARS SOIL ANALOGS MEASURED UNDER REDUCED 
Atmospheric Pressures and Temperatures ; Janice L. Bishop and Car It M. Pieters-, 
Departments of Chemistry and Geological Sciences, Brown University, Providence, RI02912. 


Reflectance spectra of Mars soil analogs measured under reduced temperatures and pressures are presented here. 
It is important to study analogs of soils on other planets under conditions representative of that planet, since soils are 
sensitive to their chemical and physical environment Moisture in soils is responsible for prominent water features that 
hinder identification of mineral features in reflectance spectra measured under ambient conditions on Earth. The 
experiments presented here encompass atmospheric pressures ranging from one bar to about 10" 5 bar, and 
temperatures ranging from 23 °C to about -50 °C. The analog materials used in these experiments include ferrihydrite- 
bearing montmorillonites, ferric sulfate-bearing montmorillonites and ferrihydrite prepared in the laboratory, as well as 
palagonitic soil from Haleakala crater, Maui. Each of these samples exhibit spectral changes at 1.9 pm, 2.7 - 4 pm 
and 6 pm due to loss of adsorbed water as a result of lowering the pressure and the temperature of the sample 
environment 


Introduction. Spectral experiments on particulate, ferric-containing analogs to Martian soil (Fe 3+ -doped 
smectites and palagonites) have been performed to facilitate interpretation of remotely acquired spectra. Spectroscopic 
analyses in the visible to near infrared have shown that ferrihydrite-bearing montmorillonites prepared in the laboratory 
exhibit important similarities to the soils on Mars[l]. The chemical composition and visible to infrared reflectance 
spectra of montmorillonites containing ferric sulfate compare well with the surface material on Mars. These analogs 
are especially promising because of the shape of the visible features and the strength of the 3 pm band[2]. Spectral 
measurement of palagonitic soils indicate that these are also good Mars soil analog candidates[3,4]. Each of these 
materials contains structural OH bonded to metal cations, adsorbed H 2 0, and bound H 2 0. 

Previous experiments involving a variety of Mars analogs under differing environmental conditions have 
examined the influence of exposure history on water content and absorption features due to H 2 0[5,6]. These 
experiments have shown that reflectance spectra of ferrihydrite, montmorillonites doped with ferric sulfate, and 
palagonitic soils contain sufficient bound H 2 0 to retain a strong 3 pm band under dry conditions, which is similar to 
that observed in spectra of Mars. 

When the effects of the environment on bound water in clays, oxides and salts are understood, the hydration 
bands measured via reflectance spectroscopy can be used to gain information about the chemical composition and 
moisture content of real soil systems. Such information is especially useful in interpreting observations of Mars where 
subde spatial variations in the strengths of cation-OH and H 2 0 absorptions have been observed in telescopic [7] and 
ISM [8,9] spectra. 

Methods. Infrared reflectance spectra were measured in these experiments using a Nicolet 740 FTIR, and 
attachments from Specac and Connecticut Instruments. This system allows spectral measurements to be made of 
particulate samples under a controlled atmospheric environment down to pressures of 10' 3 torr and temperatures, 
currently, to about -50 °C. 

Results and Discussion. Reflectance spectra are shown from 5500 cm 1 to 2500 cm 1 (*1.8 - 4 pm) in 
Figures 1 A, 2A, 3A and 4A of ferrihydrite, ferrihydrite-bearing montmorillonite, ferric sulfate-bearing montmorillonite 
and palagonitic soil, respectively. In each figure the solid line is the spectrum measured under an ambient pressure and 
temperature environment, the patterned line is the spectrum measured under ambient temperature and about 1 mm Hg 
air pressure, the dashed line is the spectrum measured under about -40 °C and about 1 mm Hg C0 2 pressure. These 
spectra have not been smoothed and exhibit atmospheric water features due to difficulties in calibrating the decrease in 
H 2 0 molecules in the pathlength. Spectral changes observed for these samples under reduced pressures and 
temperatures include: (i)the feature near 1.9 pm in these spectra becomes weaker and appears to broaden toward longer 
wavelengths, (ii)a weak broad band associated with H z O near 2.4 pm is reduced in intensity and allows better 
resolution of the cation-OH features in the 2.2 - 2.5 pm region and (iii)the intensity of the strong broad 3 pm band 
decreases especially near 3.2 pm and sharpens near 2.75 pm (structural OH) and near 2.95 pm (bound H 2 0 ). 

Reflectance spectra are shown from 1800 cm -1 to 1250 cm -1 (*5.5 - 8 pm) in Figures IB, 2B, 3B and 4B as in 
the previous figures. The spectra of ferrihydrite in Figure IB exhibit a decrease in intensity near 6 pm and a 
sharpening of the weak features near 7.25 pm and 7.75 pm under reduced temperature and pressure conditions. The 
spectra of the ferrihydrite-bearing montmorillonite, the ferric sulfate-bearing montmorillonite and the palagonitic soil 
show a decrease in intensity near 6 pm as the temperature and pressure are reduced. A slight shift in the Christiansen 
feature toward shorter wavelengths under reduced temperatures and pressures is also observed. 


Conclusions. Reflectance spectra of selected Mars soil analogs under low temperature and pressure 
environments have shown changes in the character of a number of spectral features. Under ambient temperature and 
pressure conditions adsorbed water in and on particulate samples is responsible for many broad spectral absorptions. 
Removing these adsorbed water molecules by examining Mars analog soils under reduced temperatures and pressures 
allows the measurement of infrared spectra that more accurately resemble infrared spectra of these samples in a Martian 


environment 
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Spectroscopic and Geochemical Analyses of Sediments from Lake 
Hoare, Antarctica and Applications to Dry Valleys on Mars; Janice L. Bishop 
Peter A. J. Enelert 2 , David W. Andersen 2 , Claudia Kralik 3 , Christian Koeberl 3 , Carte M. Pieters 1 , 
Heinz Froescnr and Robert A. Wharton , Jr 3 . 'Brown University, Providence, RI; 2 San Jose State University, San 
Jose, CA; ^Institute for Geochemistry, University of Vienna, Vienna, Austria; ^Universitat fur Bodenkultur, Vienna, Austria; 
5 Desert Research Institute, University of Nevada, Reno, NV. 

The sedimentary records from ice-covered lakes in the Antarctic dry valleys may provide information about 
sedimentation in the dry valley regions on Mars, where ice-covered lakes may have existed in the past. Antarctic lake 
bottom sediments have been examined using reflectance spectroscopy and neutron activation analysis to study 
sedimentation processes in the dry valleys. Sediment cores were sampled from three locations (two aerobic, one 
anaerobic) in Lake Hoare, a perennially ice-covered lake in the Taylor Valley (77 °S, 162 °E). Organic material was 
found at the surface of each core. Thin layers of organic and carbonate-rich mats were also found dispersed 
throughout the cores. The core sediments are comprised of quartz, feldspar, polycrystalline rock fragments and 
monocrystalline accessory minerals. Na/K ratios and Sc concentrations are nearly constant for all of the samples 
measured. Variations in the Fe, Zn and Sr levels indicate non-uniform sedimentation processes. Quartz, pyroxenes, 
clays, carbonates and organic materials have been identified in the sediments from reflectance spectra. The reflectance 
spectra indicate diversity in the dominant mineralogy as a function of depth in the cores. Variation in the quartz grain 
size is also observed throughout the cores; organic-rich layers have very fine quartz particles and other sand layers 
have quartz grain sizes on the order of 100 pm or larger. 

Introduction . Perennially ice-covered lakes exhibit important differences from non-ice-covered lakes, such as 
the presence of coarse sand in the center of the lake[l]. Studying lake bottom samples from the dry valleys in 
Antarctica provides information about sedimentation that may be relevant to understanding soils on Mars. 
Geophysical evidence on the surface of Mars indicates the presence of water there at one time[2]. Ice-covered lakes 
may have formed as the planet cooled and sediments exposed from these lakes may be contributing to the current 
surface material on Mars. The sedimentary record also bears information about former climates on Earth and thus, 
understanding sedimentary records for Mars-like lakes in Antarctica might lead to climatic information about Mars as 
well[3]. 

Sedimentation patterns developed for Lake Hoare, Taylor Valley, Antarctica, are based on mineralogical and 
grain size analyses of sediment cores from the lake bottom and of material collected in sediment traps in the lake, as 
well as on observations of sediments in the ice sheet[l ,4,5]. These studies suggest that the lake bottom sediments are 
similar to the sediment found on top of the ice cover and the dominant means of transport is via sediment percolation 
from meltwater pools. Fine-grained sediment and organic material is thought to deposit slowly and continuously 
across the lake bottom. Sudden and localized deposition of coarser-sized sediment occurs through cracks in the ice or 
bubble channels. 

The samples employed in these studies were collected in cores from aerobic (DH-1, DH-2) and anaerobic (DH-4) 
regions of the lake. The locations of these dive holes are described in[l]. The frozen cores were carefully melted and 
separated by sediment layers. Organic mat layers were found near the top of each core. Some cores contained 
organics intermixed with sediments at depth as well. The sediments from the aerobic lake regions are cream to tan 
colored, while those from the anaerobic region are a darker gray-green color. 

Grain Size and Mineralogy. The sediments range from fine- to coarse-grained sand that is subquartzose 
with variable mineral contents. An average sample contains roughly equal amounts of quartz, feldspar, polycrystalline 
rock fragments (mostly felsic plutonic rocks with lesser amounts of mafic volcanics and metamorphic rocks), and 
monocrystalline accessory minerals (mostly orthopyroxene and clinopyroxene with variable amounts of biotite, 
chlorite, olivine and hornblende). The rock fragment percentage increases with increasing grain size, while the 
abundance of the accessories decreases with increasing grain size. 

Some samples contain both sand and microbial mat. These samples have organic matter and biogenic carbonate 
with varying amounts of terrigenous sediment. Sand within the mat layers resembles the sand samples described 
above. Suspended silt and clay are most abundant in samples with the highest organic-matter content, suggesting 
slow sediment accumulation rates for these samples[l]. 

Geochemistry . A preliminary study of another DH-2 core showed variability in some major and minor 
elements throughout the core[ 6 ]. The elements Al, Sc, Fe, Zn and Cu exhibit variable concentrations in Antarctic 
lakes due to precipitation out of the lake water into the sediment and other processes taking place at the sediment-water 
interface[7]. In the cores examined here Sc levels remain constant near 20 ppm, and Fe and Zn concentrations vary by 
about a factor of two, but tend to parallel each other. 

Snow contains small quantities of salts (Na + , Ca 2+ , Mg 2+ , K + , C1‘ and SO 4 2 '), which influence the salt 
composition of soils[ 8 ]. Salt fractionation is controlled by relative humidity and other properties of the salts, such that 
the least deliquescent salts will remain in the soil and the more deliquescent will percolate through the soil to the ice- 
cemented layer[ 8 ]. Analyses of Na, Ca, Mg, K, Cl and S in the cores are underway to assess whether these salts vary 
with either depth in the core or sediment grain size. Na/K ratios exhibit little variation within and among the cores 
examined in this study. 

A decrease in Sr concentration was observed in water near the bottom of Lake Bonney (also located in the Taylor 
Valley), indicating precipitation of a Sr-bearing phase in the lake-bottom sediments[9]. Sr concentrations vary 
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between 250 and 400 ppm in samples from core C (DH-4), and between 350 and 500 ppm in samples from core D 
(DH-1); however, core B (DH-2) shows a much broader range of Sr values including a high of 357 ppm in the 
surface sediment, a gradual decrease to a low of 11 ppm at 11-12 cm and a high of 326 ppm again at 28 cm depth. In 
core B the surface organic layer has only 75 ppm Sr, while some *1 mm thick organic layers have over 500 ppm Sr. 

Reflectance Spectroscopy. Reflectance spectra indicate the presence of quartz, pyroxenes, clays, carbonates 
and organic materials in these sediments. Interpreting spectral data of soils is complicated because soils composed of 
multiple materials mix non-linearly and the spectral properties depend on the particle size distributions of the soil 
components and the manner in which the components are mixed in the soil, as well as the spectral properties of the 
individual components. Spectroscopic experiments involving mixtures of variable grain size separates of pyroxenes 
and olivine have shown that soils containing a higher abundance of small particles exhibit spectral properties 
dominated by the mineral having the small particle sizes; however, soils containing a higher abundance of larger 
particles exhibit spectral properties less directly related to one mineral[10,l 1], 

Figure 1 includes reflectance spectra from 0.3 to 25 pm of samples B-4, B-9a , C-l and D-2, which exhibit a 
number of different spectral features. The spectrum of sample B-4 includes strong pyroxene features in the near 
infrared at 1 pm and 2 pm, no indication of organic features at 3.4 pm or 6 pm and strong features due to quartz from 
5 to 10 pm. Sample B-9a exhibits spectral features indicating a dominance of very fine-grained quartz and organics in 
the sediment, as well as smaller amounts of montmorillonite and carbonates. Many of the core C samples, from the 
anaerobic zone, show an absorption near 0.7 pm, which is similar to that found in vegetation. This is likely to be due 
to the algal mats observed dispersed throughout the core. This feature is most pronounced in the spectrum of sample 
C-l; also present in this spectrum are pyroxene features at 1 pm and 2 pm, strong organic features at 3.4 pm and 6 
pm, and strong features due to fine-grained quartz from 5 to 10 urn. The spectrum of D-2 exhibits an absorption near 
1 pm, but no absorption near 2 pm; this spectrum also exhibits the strong near infrared montmorillonite and carbonate 
features, as well as features due to quartz in the mid-range infrared. 


Figure 1: Reflectance Spectra (0.3 to 25 pm) of Lake Hoare Sediments, Antarctica. 
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INFRARED SPECTROPHOTOMETRY OF 10 BETWEEN 3 AND 13 /mi IN 1993. D. L. Blaney' M S 
Harnier Jet Propulsion Laboratory, California Institute of Technology, R. Russell' D Lvnch' and J 
Hackwell Aerospace Corp., 'Visiting Scientist at the NASA Infrared Telescope Facility’ ’ 

Much remains unknown about the variability of Io's surface composition and volcanic activity The 3 - 13 W m 
specfral regioni contains both reflected solar radiation that is sensitive to S0 2 frost and emission from volcanic 
“ We observed Io at the NASA Infrared Telescope Facility, Mauna Kea Hawaii on February 

7 and 8 1993 UT using the Aerospace Cap. liquid-He-cooIed spectrograph covering the wavelength region 3-13 
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consistent with the expected increase caused by the volcanic region Loki increasing it’s observed area as it comes 
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Tj Zi™ fTTJ m ul Ct * L [7J (SCe figUre 2) ^ SpCCtra “ HoweI1 * al [7] show almost a factor 
. band stl fngth between the leading hemisphere and the trailing hemisphere. Comparing the 

F982 a nd IQQ^ ; S?t° 2 frost d ,stnbutlon on the trailing hemisphere has changed dramatically between 
l ttl d v 93 ^ HST magCS mdlcate 11131 ^ gross alb edo pattern caused by S0 2 frost has changed 

rsio f Ho :r’ Howell , et a Pr? jded ** ^ depth ° f ^ 4 ^ !™2£ 

t 2 dep r S ° 2 frost 0r absorbate ( ie 4 ** feature is sensitive to optically 

Amdeposits that arent seen m the visible). Therefore, the infrared distribution of S0 2 frost may be variable even 

. . .. T b n ? t frost deposits are stable. Io’s volcanic activity is an obvious source of this variability The 

have nn^ hiP ^ ^ S ° 2 fr °st distribution is unknown. The Howell et al. measurements 

activitv T 8 ? 8 ‘ 2 ^ m) “^P^eously so no statements can be made on volcanic 

ty. AddtUonal observations with unproved longitude and temporal coverage are needed 

Part of this work was done at JPL/Caltech, under contract to NASA. 

SSSS^WW™ DAV. and Hackwell J.A.,"A Compact Prism Spectrograph Suitable for Broadband 
hfraied Spectral Surveys with Array Detectors", SPIE, 1155,314,1989. [ 2] Hackwell et al., "A Low Resolution 

Re8 ! 0n "’ Pr0C ' SPIE C0nf ' 1235 0n ^^ntation in 
900 1985 y Til V "a°' Pi ^ A " abs °' Ute P hotome tnc system at 10 and 20 ^m", Astron. J., 90, 

1993 m sJ^J^ er i | a v l0 . S hCat fl ° W r ° m mfrared radiometry: 1983-1993, submitted to JGR Planets, 

■ /SrSfJ? JR - V ^amc activity on Io at the time of the Ulysses encounter. Science, 257, 1507- 
r ' f 1992 16] Spaicer, J.R, et al. Infrared imagmg of Io: Volcanic activity 1989-1993, Io: An International 
n °"fXT e ’ S h” 2 U " Capistrano, CA), 105-106, 1993. [7] Howell et al, "Sulfur Dioxide on Io Spatial 
Distribution and Physical State, Icarus, 57, 82, 1984. [8] Sartoretti P. and M. McGrath Disk-Resovleine 
Imaging of Io with the HST. San Jan Capistrono Io Meeting, June, 1993 ’ 8 
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10 INFRARED SPECTROPHOTOMETRY: Blaney, D. L. et al. 

Figure 1 The infrared spectra of Io between 3-13 ^m. The turn down at 4X)8 is cause by S0 2 frostor 
absorbate on the surfaced rise in emission at longer wavelengths is caused by thermal anomalies due to 




Figure 2. The longitudinal distribution of S0 2 in 1993 



compared to the distribution between 1977 and 1982. 
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MEASURING TRACK DENSITIES IN LUNAR GRAINS USING IMAGE ANALYSIS; G.E. Blanford', 
D.S. McKay , R.P. Bernhard 3 , and C.K. Schulz 1 , 'University of Houston-Clear Lake, Houston, TX 77058, 
NASA/JSC SN, Houston, TX 77058, Lockheed, 2400 NASA Rd. 1, Houston, TX 77058 

We have used digitized scanning electron micrographs and computer image analysis programs to 
measure track densities in lunar soil grains. Tracks were formed by highly ionizing solar energetic particles 
and cosmic rays. We used sample 60009, 6049 that was previously studied by Blanford et al. (1979) [1], 
Back-scattered electron images produced suitable high contrast images for analysis. The images were 
digitized to 512 x 512 pixels with gray scale 0-255 (8 bit). We ascertained gray-scale thresholds of 
interest: 0-230 for tracks, 231 for masked regions, and 232-255 for background. We used computer 
counting and measurement of area to obtain track densities. We found an excellent correlation with manual 
measurements for track densities below 1x10* cm 2 . For track densities between 1x10 s cm' 2 to IxlO 9 cm' 2 
we found that a regression formula using the percentage area covered by tracks gave good agreement with 
manual measurements 

Measurement of track densities in lunar samples has been a very rewarding technique for 
measuring exposure ages and soil maturation processes [2], However measuring track densities is labor 
intensive because quantitative scientific results require counting tracks and measuring areas on 

micrographs. The sophistication and ready availability of image processing software can reduce this 
tedious labor. 

To establish analytical conditions we used a polished section from Apollo 16 double drive tube 
60009, 6049 at a position estimated to be 546 mm below the lunar surface. This sample had been etched 
for 15 hours in 1 N NaOH at 118°C. We used an ISI SEM with the polished sample oriented 
perpendicular to the electron beam. The same condenser lens setting and aperture were used for all images. 
The microscope is not equipped with a Faraday cup and we could not be sure of reproducing the same 
beam current for each microscope session. We set a fixed working distance of 8 mm and coarse focused 
by adjusting the sample height. We calibrated magnification with a stage micrometer and verified that it 
remained consistent within 1.5%. Back-scattered electron (BSE) images naturally showed a high contrast 
between tracks and background. We purposely chose to exploit this property and took digital images that 
appeared to the naked eye to be almost binary. Using the computer we could set the contrast and 
brightness to numerically reproducible settings. 

We produced digital images and analyzed them using an eXL computer manufactured by Oxford 
Instruments, formerly Link Analytical. Digital images were collected as a Kalman average for 90 sec We 
worked at 4 different magnifications, 4600x, 6800x, lOOOOx, and 15000x. After acquiring the image, we 
created a mask for the image to obscure parts of the image we did not wish to analyze such as areas off the 

edge of the grain, large cracks, etc. We could “paint” the image using this mask to some useful gray-scale 
level. 

We used a set of procedures referred to as “feature scan” to count tracks. A “feature” is defined in 
terms of connected areas (pixels) within defined limits of gray-scale. Because we took high contrast 
images, it was relatively simple to define these limits. By trial and error the limits were set to obtain track 
counts that were consistent with manual track counts on several standard images. The program counted 
every connected “feature” within the gray-scale thresholds, but it distinguished some as too big and others 
as too small. Trial and error were used to set these size criteria. 

The single image phase analysis" subset of routines prepares a histogram of pixel number versus 
the image gray-scale levels and allows the user to interactively set thresholds that are color coded. The 
routine displays the area covered by each threshold region in pixels, in square micrometers, and percentage 
of total area. Using this routine, we could determine the total area of the image, the area of the mask, and 
the percentage area covered by tracks. 

Figure 1 shows a correlation diagram of track density measurements using image analysis with 
conventional measurements from a photomicrograph. The correlation is excellent for track densities below 
1x10 cm' Furthermore, the correlation is not sensitive to the magnification used within the range tested 
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(but there is better statistical accuracy for lower track density grains when measured at lower 
magnifications). However, above track densities of lxlO 8 cm' 2 the image analysis technique shows 
saturation It is not hard to understand why this is true because tracks overlap at high densities. The 
human counter can distinguish overlapping tracks to some extent. The software however lumps many 
tracks into single “features” on the digital image and the computer under counts. However, the area 
covered by the tracks should be proportional to the number of tracks. We performed a linear regression 
between track density versus the percentage area covered by tracks for images taken at lOOOOx. There was 
a correlation coefficient r = 0.98. Consequently, we used this regression line to determine track densities 
from lxlO 8 cm' 2 to lxlO 9 cm' 2 . Even this method is likely to fail at higher track densities. Figure 2 s ovvs 
the lOOOOx data from Fig 1 together with corrected points using the regression formula. The rectangles 
surrounding each point represent one standard deviation statistical uncertainty. ... 

We have shown that we can reliably measure track densities in lunar grains using image analysis 
techniques. It is difficult to assess exactly how much more time efficient this method will be, but we 
believe it will be very significant. When conditions had been established, we collected and analyzed 
images in ~12 hours. Even during these sessions, however, we keystroked the procedures rather than use 
macros to speed up the process. Automating track counting may allow application of this technique to 
important problems in regolith dynamics including the ratio of radiation exposure to reworking in various 
surface and core samples and in regolith breccias, 

[1] Blanford G.E. et al. (1979) Proc. Lunar and Planetary Sci. Conf. 10th, 1333. [2] Heiken G. et al. 
(ed.) (1991) Lunar Sourcebook: A User’s Guide to the Moon. 


Figure 1. Graph of track densities in 
lunar soil grains from sample 60009, 6049 
at a depth of 546 mm from the lunar 
surface from images taken at 4600x, 
6800x, lOOOOx, and 15000x. The 
ordinate has values determined from 
counts using "feature scan." The abscissa 
has values determined by manual counting. 


Figure 2: The correlation of manually 
counted and image analysis determined 
track densities for data taken at lOOOOx. 
Circles represent data obtained using 
feature scan and triangles represent data 
using a linear regression formula of the 
percentage area. Rectangles give one 
standard deviation uncertainty based on 
counts or the error in the regression 
formula. 
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n t A r? PE !?^ o L t? U ? VEY 0F THE CESIUM REGION OF THE MOON 

Rd., Honolulu, HI 96822; P D tXT7^ ^ 
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:&ztssi h oSir minimum ,ocated - 093 £s 

st^s nti - uura s r "^‘\“r4a^ 
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Cnsium highlands spectra described above, and the Snuum £2? Th s ™%Zi 

SSS?2 ^ iS Sl,gh,ly m0re maflC <an0rth0 “,e) <han tta^t 

II. Light Plains and Cryptomaria 

A. Light plains northeast of Taruntius. Orbital geochemical data, in conjunction with 
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SPECTRAL SURVEY OF CRISIUM REGION: Blewett D.T. et al 

morphological considerations, Jed to the these 

formed by the extrusion of post-CrtsiU] for tw0 spots on t h e plains have band minima 

deposits by highlands material [10, ]♦ pe , j indicating a significant mare basalt 

longward of 0.95 gm and band depths"^dSSLSo impact cnOer Tarontius 
component. Further evidence for mare bas V spectrum of this crater has a band minimum of 

m^^ “ d fr ° m taMa,h ^ deP ° SitS 

0f Tan, B tiU "Arrowhea d " shaped plains. A triangular 

circum-Crisium highlands due n0 ^ h H ° f ^ d t the surro unding highlands and is distinctive 
distinguish this area: it Ihas a low adtonXS^ssefses a high Mg/Al ratio, 
in multispectral images (cited by [1 ])• A p ’ nr u: ta i geochemical measurements [13]. 

similar to Ithat of mare soils, as ^^dfeTonAe geological map of the 

The arc ^ 1 °”J s ^J^ c S ta t nce X s P pe S c l tmrn°of the arrowhead plains has a stronger absorption band (~5%) 

SXe nLby WghSs Sifs, demoting ^-Cs^rctro-tTr^ai^fa ffiS 
surface. In order to evaluate the possibility of ai mare basalt component P a maturc 

mixing analysis [6] was conhighlands soil (Apollo 

^SelSSSramu^^rrr ofthemL and highlands spectra produce a 

reasonable fit to the spectrum of the arrowhead plains^ the easte m shore of Mare 

C. Dark highlands southwest of Crisium. The E . This "smooth 

Tranquilitatis contain a ^stowhve smpof low lbdI possibly thip mare flows 

St component ^ 

contributed to the dark highlands spectrum by mare and highlands spectral types. 

m ' rSd. ,D Ex P .etive work on the strahgraphy, 3 

characteristics of Mare Crisium has been pu 1 Picard (14 6’ N 54.7° E; 23 km diam.) is 
features in the mare have been collected^ Th^^5] tat "he floor of Picard contains 
located in western Mare Cnsium. ''^"SiXgh brightness, and on its high 0.95/0.56 pm 

S^rKist&e, then j, 

depths measuring 12-13%. Thus the reflectance 
spectra show that the floor 1S wot Obtained for mare surfaces in the vicinity 

of the sSe sampled by Luna 16 in Itojft-fiA A^"^^g^^Sl 

to have a band minimum at 1.01 gm, and a band depth of 4.5%. 

References: [1, D. E. Wi,betas (1987) U.S Geot. £tg?£SS£ 

,042. [31 T. Swindle er at. (1»1) Pr£ LPSUsUV. B s ! ng e, Ld T. B. McCord (1979) 

mi 10883 F51 P. G. Lucey et al. (1986) rroc. croo/ofn, ij c Pieters (1993) in Rem. 

Prac LPSC 10,h. 1835. [7] C. Pieters (1986, Rev Ceophys .^24 no3 557. W ^ 

Ceochem. Analysis, C. Pretere and P. &lglett, « v Tp D B Sp udis (1980) Prac. Conf. Lunar Highlands Crush 
Ceophys. Res. Le„. 10, no.9, 813. [101 B. R. Hawke and P. D. Spud's , 9»m 3 US0S Map I- 

467 1111 B. R. Hawke er «l (1985) 6* Mod". ''»”«* ^'p^rs er al 1979) Proc. LPSC 10th. 2967. [151 

gMllKM-Sr* pdn Press, PP. 43-74. 
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from Magellan f ° r Windblow " s>" d drived 

State University, Tempe, AZ 85287-1404 ey ’ De P arttnent of Geology, Arizona 

a {jsing Magellan SS* , roughness ’ ?“«<*> 
threshold wind speeds at two locations war f “<<' for 

Crater area. Results show that the threchnM o ^ / C P lain , s N, 177 E and the Carson 
1 m above the surface. This value is in the ranpe 7^ sec at a hei ght of about 

that aeolian processes could be active currently. § d by anded s P acecraft and suggests 

Earth anfvenus^bied ^ Vel °? y u u *t for blowing particles on 

assumed an unrestricted, infinite sand supply and^smooth surfaceTTsi^H lderati ° nS ’ 
roughness influences the length of the aernrlvnami^ / n 2 ’ , Howev er, surface 

properties of the boundary-layer wind nrofile ^?nrfWv. gh ness (z 0 ) and, thus, the turbulent 

SS3S AdSnSsxfiJr-? 

SSr«“ J ” ■■ - “K“ 0™^s;!X'S2 

scale comparable to thrfldarwavSgth; ^ local'Tlope^a^^Jhe diekc^^^ 106 r0Ughness at a 
important. Both the wind and the radar backscatter re^nnnri tr. f C * nC ^ ons tant are a ls° 

teSes't^ Z 0 and UsfngTld^a from 

correlation was derived todtetemim! asa^nchon^f the S-ban^back^cmter coefficient : 3 neW 


Log(z 0 )= -1.221 + 0.0906 a°S UL 
u hh 


Eqn. 1 

ratobackSeffo™v^o^sSr^niKto'lo''‘t" 01 ™ roughness derived from 

calculated using Eure 2 rTwhTch coS« ^ ,ocatlo " s °” Ven “?' The wind s P eeds were 
planetary environment: r aCC rou &bness, particle size and density, and 


u *t = [0-139p p g d /(p(l+0.776(ln(l+d /z 0 )) 2 ))] 0 5 Eqn 2 

“nhe^^ u ^Sc y u^ p. - > hc n - d ^y. - d Pd 

roughness and is not sensitive to ,h •“ m,nns,c property of “rfac? 

placed in a planetary environmentwtad"SnnelTnd wTnd aSSUmpt,on ' a ">“«!> bed was 

pressures ranging from 5 mb to 1033 mb Tb, dwln d profiles were measured at surface 

confirmed th/asfumption & a " d 

plains af “rNm^and ^eTiV^vtctaity ofCareon Sr ‘Vhe result 2 dom f b °" volcanic 
in terms of the affect of local microtonoaranKv ™ fh/° n . ater - Th f resu lts were then assessed 
1 shows the a 0 , z n , and derived u and^i vabi^c f J" ec l uirernen ts for aeolian processes. Table 
Earth [5, 6], the z° 0 values of t^enus s'ites are SiS with^” com P arison with site s on 

™Ss5Sdrnr.r P sSh^ 

values are higher by about 30*. The tablt also shows P ,hat the threshoXTnSed^Stte 1 




Venus: Influencl of surface roughness for windblown sand. D.G. Blumberg and R. Greeley 

order of 1 m/sec at a nominal ^eightof c J a ft at? sfmila/height suggesting that aeolian processes 
measured by the Venera 9 and 1C'spacecraft t at a sin il h g^ Magellan images so 

can be active today. Only two Potential large y features and dune fields are so abundant 

far; therefore, there is still a question Jf As this stu dy shows current wind speeds can 

on Earth and Mars a smallel supply of sand-sized particles on 

Ve^r^s are present but caino. be detected via Magellan data._ 


( U A and threshold wind speeds (u,) at a height of J—.---- — 


Site characteristic 

Carson 

Paraboloid 

Paraboloid 

Paraboloid 

Paraboloid edge 

Bright streak 

Dome 

Paraboloid 

Dark surface north of crater 

Paraboloid 

Bright streak 

Fractured terrain 

Radar dark plain 

Tessera 

10°N 177 °on volcanic plain 
Bright streak_„ 


Mean o 

-18.84 

-18.73 

-19.05 

-13.33 

-12.63 

-7.60 

-22.89 

-21.13 

-21.39 

-12.39 

-15.73 

-21.43 

-12.53 

-12.24 


Mean z Q 

0.0013 

0.0014 

0.0012 

0.0037 

0.0047 

0.0133 

0.0005 

0.0007 

0.0007 

0.0045 

0.0022 

0.0006 

0.0045 

0.0047 


0.036 

0.037 

0.035 

0.050 

0.054 

0.075 

0.028 

0.031 

0.031 

0.053 

0.042 

0.030 

0.053 

0.054 


l t(z=lm) 

1.015 

1.030 

1.000 

1.264 

1.335 

1.668 

0.865 

0.911 

0.911 

1.322 

1.127 

0.889 

1.322 
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N. N “obin^ T G G “Burta C ° V v“nfLky A lSt PR T TO MISSI0N 

vernadsky Inst., Moscow 117975, Russia 

then H ?Kt "oftte bein 9 less 

sufficiently regular cartoarSn^i 8 (149 mln * sc ** km ) ' have 

All maps of Ma?s sSr?ace , C S V r agS &t 1:2 /°°0,000 scale, 

during the recent 2 0 years with hh™* topo 9raphy were obtained 
maps were producedIwthe n? S. ^ he . sp ? ce ^ages. Most of these 
GENERAL ™SS mLc S! S?^ giCal SUrVe ^' Fla g^aff, AZ. 
the c'SmHrititST 1 ^f]« ar fL . an overv iew impression of 

mission one should know that the^whotS 9 i™ P 1 ® eve ° f MARS ~ 94 
1 : 2 ,000, ooo-scale image mao ^ ^ 18 covered with 

mosaics), it consists of i? i - photomap or controlled photo- 

km each! There are £L about 1,000,000 sq. 
insufficient for such Jcale map. ^ map Wlth the resol ution 
The smaller-scale maps also eyici- ^ 

1:5,000,000 ( 30 sheets ), 1*15 ££? 000 r ?£ + CO y era 9 e ~ 

1:25,000,000 (l sheet) tij. J-• 15,000,000 ( 3 sheets ), and 

restrictJd 1 areaJ le of th^pla^^rFig 2 ' J?°'°m° t GX i St onl V for 

S^ 

Mars (12.4 min. sq. km) ^ere ar e t0 *?° W ' -, ThGy GOVer 
sheets, and 5 areas n*=>av m 4 -i_ a ^ so 3 revised edition 

presenting different season *n£~ h P ° lG 5 ave Sets of two sheets 
sheets coders the a^eJ or 7 3 P nnn ° f thG surface * Each of 

area of New Hampshire Vermont wblch 1S equal to the 

taken together. Global coverag4 of Mars^with a ? d *Sf 0de Island 
map needs 1964 sheets but itit n ^ th 1 •500,000-scale 

them. These maps are based i -"? pla ? ned to produce all of 
but the resolution differs t^twepn S0 ^H tl0 \ Vlking pictures , 
sometimes within the sam e f sheet. the sheets ' and even 

Mosaics at 1:250,000 scale evish f™- a 
connected with Viking landing sites fboth ?fn^i 8ma11 areas 
GEOLOGTc MAPS cover uhL m {b ° tb final and potential), 
and smaller scales There is a f ab 1:5,000,000 (30 sheets) 
■naps at 1:2,000,000 Ictlt Lr Th ° f i 6 sheets of lava 
The lava flow maps cover 11 * of :h» r » 1S 4 -* 0ntCS and vicl nities. 
geologic maps are prelent d'on,^ Martian globe. Larger scale 

-SUMMAeL Cartographic coJerLe af if 00 '? 00 sheets ' 
regular. But this coverage being at 1-2 OOO^nn 1S ® uff ^ cientl y 
considered now only as recon*1-2,000,000 scale should be 

out for the geologic mann?na ih?^ e ° ne ' J 3me could be ruled 
with 1:5,000 000-scale mae e g u blCh covers the whole planet only 

maps exiit fo? «Jrs with »S~ an0t ? er (bUt 9 eolo g iP ) thematij 
future studies^ in particular w?th r M^c S 0 . re ? Ular =°verage. The 
to the diversity of the themati^ “ " ’” lssion ' should lead 

Planet or its cons?de«ble rJg?ois. P tyPeS [2) f ° r the whole 

the planets^fnd^saieimis i 992 Bat m b (1992) Indexes of maps 
(1993) Thematic map types possible'for Mar™ “ 9 -' Th ?s G voiume ba 









LPSCXXV 


133 


GEOMETRICAL TRANSFORMATION OF PANORAMAS OF MARS SURFACE RECEIVED 
FROM PHOBOS-2 SPACE STATION; I.M.Bockstein, MA.Kronrod, Institute of Problems of In¬ 
formation Transmission, Russian Academy of Sciences, Moscow, Russia 

Yu.M.Gektin, Institute of Space Device Engineering 

Methodology of geometrical transformations of planetary images is described that leads to trans¬ 
ferring these images to the format of a photographic map available. The results of practical use 
of the corresponding software for geometrical transformation of Mars surface panoramas obtained 
from Phobos-2 space station are also presented. 

In 1989 Soviet space station Phobos-2 has made four sessions of Mars surface surveying. Two- 
channel opto-mechamcal scanner THERMOSCAN was used for this purpose. It gave possibility to 
register four surface panoramas in visual and thermal spectral channels. The procedure and the 
results of pre-processing these images are described in [1]. 

Now it became necessary to transfer these Mars panoramas to the format of the existing 
photographic map of Mars surface for interpretation purposes. Since the parameters of Phobos-2 
station s orbit for the periods of registration of panoramas are known inexactly, it is impossible to 
realize the transformation by means of direct calculations according to some exact formulae. That 
is why we have chosen the following well-known way of transformation: 

a lot of near-located points of correspondence were found on the panorama to be transformed, 
and on the photographic map; 

- triangulation network was constructed across these points; 

- affine geometrical transformation was realized inside each triangle of the network. Its parameters 
were chosen to achieve the coincidence of the vertices of this triangle (i.e., the points of correspon¬ 
dence) on both the map and the transformed panorama. Due to some properties of affine (linear) 
transformation the deformations of the panorama on either side of borders of the neighbouring 

triangles were the same, and no ruptures arose in the subject of the panorama. 

Practical application of the above-described methodology to geometrical transformation of 
Mars surface panoramas led us to the necessity to solve a lot of difficult problems. The main problem 
was to find the points of correspondence on real panorama (Fig. la) and real photographic map 
(Fig. lb). Since Mars surface consists mostly of craters of approximately the same shape and size, 
and since these craters look differently in visual and thermal spectral channels, all the attempts to 
find the points of correspondence automatically were doomed to failure. That is why we decided to 
find such points (usually, the centers of craters) interactively. IMS-VGA image processing system [2] 
was used for this purpose. The base of this system was IBM-compatible PC with SuperVGA card; 
it gave possibility to display gray scale images and to support the dialogue directly on the screen of 
computer console. The size of the screen was 512*512 pixels. A program for piece-affine geometrical 
transformation of images was created as a part of IMS-VGA system. Special subroutine of this 
program was used to find the points of correspondence. This subroutine enabled user of the system 
to see both panorama and the photographic map as wholes, to set roughly the positions of each pair 
of points of correspondence, and then to display and to compare on the console screen the enlarged 
fragments of the panorama and of the map (with the size of 128*128 pixels, or about 200*200 
km). These fragments were centered in chosen positions; the user could shift them up, down, left, 
or right, rotate panorama fragment to an arbitrary angle, or change its scale. User’s task was to 
achieve the correspondence not only of the central crater (with the point of correspondence inside) 
but, as far as possible, of all the parts of map and panorama subjects. This decreased strongly 
the possibility of gross mistakes, when a crater on the panorama was supposed to correspond with 
quite a different crater of similar shape on the map. In order to reduce the demands of user’s skill, 
approximate position of each new point of correspondence on the panorama was predicted after 
establishing the rough position of this point on the map. The information about scale and rotation 
of the panorama in the nearest points of correspondence was used to realize this prediction. 

Automatic construction of triangulation network at the second stage of transformation process 
also caused many problems in practice. After some experiments we have proposed and realized in 
software the following procedure of triangulation: 
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- each of the points of correspondence found at the first stage was connected with the nearest of 
its neighbouring points that answered the following conditions: it was still not connected to the 
current point, and the line that connected them did not cross the lines drawn earlier; 

- after each reaching the end of the list of points of correspondence, the first step of the procedure 

was repeated while it was possible to draw a new line. _ . , , , 

This procedure ensured the construction of the triangulation networks that consisted mainly of the 
small triangles of almost regular shape. An example of such network is drawn on the photographic 

map Fig. lb. 



Figure 1. (a) fragment of the panorama of Mars surface (thermal spectral channel), (b) 

fragment of the photographic map with the triangulation network; (c) mask image; (d) result of 
the piece-affine geometrical transformation of the shown fragment of panorama 


At the stage of piece-affine transformation all the problems were caused by the necessity to 
determine for each pixel of a panorama the triangle of the network that surrounded this pixel. In 
order to simplify and to speed up the transformation, we drew in advance a special mask image (Fig. 
lc), the size of this image being the same as the size of the photographic map. Mask image consisted 
of the same triangles as the triangulation network for this map, and the brightness values inside 
each triangle were equal to its number. For each pixel of the photographic map we found from the 
mask image the number of triangle that surrounded this pixel, the coordinates of its vertices on the 
map and on the panorama, and the parameters of affine transformation that leaded to coincidence 
of these vertices. The coordinates of a pixel of the panorama that corresponded to the pixel of the 
map were then found as a result of transformation itself. This mode of calculations ensured the 
absence of ruptures of the transformed panorama irrespective of its local scaling. Transformation 
procedure was optimized to achieve maximum speed. 

The application of our methodology has leaded us to success in solving the problem of trans¬ 
ferring the panoramas of Mars surface to the format of an arbitrary photographic map. The result 
of geometrical transformation of the panorama Fig. la in order to correspond it with the map Fig. 
lb is shown on Fig. Id. More than 50 points of correspondence were found and used to transform 
this panorama. 

We have to note that the above-described methodology and the created software means can 
be used very widely. In particular, we intend to use them when working with Mars panoramas that 
will be obtained in 1995 as a result of surveying this planet by Russian space stations. 


[1] Bockstein I.M. et al. Processing of Mars surface images received from Phobos-2 space station. 


LPSC XXI 1991. 

[2] Bockstein I.M. and Kronrod M.A. IMS-VGA interactive image processing system. 
Recognition and Image Analysis, v. 3, No. 4, 1993. 
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CHoLrTET 5 %CM E CHO T NDR,;E EXPERIMENTAL ANAL0<3UES ° F MURCH ' S0N A ™ A «* « 

* DELANEY: D * Ge °'°» iCal Sclc "“ a ' ^versfiy. 

Partial melting experiments on Murchison and 65% H chondrite-35% CM chondrite analooues ran 

The H C CM U miJt C me ' tS W ' th 2° 0d compositional ma ‘ches for all major elements and for the Fe/Mn ratio 
The H-CM mixture is a good precursor that matches the phase equilibris as well as the oxygen isotooe 

“ l1S * r J n f S on eucnte P recursor s The main problem is an over abundance of Na. The H-CMcomposition 

fw o s and IWTs and e at e ! ment C f °" Str ? intS and P roduces eucritic melts at oxygen fugacities between 
iw - 0.5 and IW -1.5 and at temperatures from 1180 to 1300°C 

INTRODUCTION: Boesenberg and Delaney (1993), following up on the work by 12 ) and rai 

investigated the Mn and Fe systematics of eucritic compositions and the evolution of eucrites from the 

s mple partial melting of a chondntic precursor, specifically a Murchison analogue. We proposed that iron 

alloying to the platinum wire used in experimental runs could simulate a reducing atmosphere and further 

^ 16 the subsequent fractionation of the Fe-metal from a parent body. The S of Fe 

reduces the Fe/Mn ratio and Fe/(Fe+Mg) of the resulting glass, while preserving most other elements in 

eucritic p ’" dpod J?j 1s - New experiments, using inert platinum-iron wire and at oxygen fugacities of iron- 

ZS ^ '°- 5 109 unit 3nd 1W - 1 5 '08 unit confirm that the Fe/Mn and FFM of foe minimum melt for a 
chondntic precursor can be controlled and produce eucritic compositions. Additional experiments tested 
the new chondntic precursor proposed by [4], This composition was designed to resoldThe ma or 
oxygen isotope problem associated with eucrites. No simple chondritic precursor has oxygen isotopes 
compatible with eucritic precursors [5], but a mixture of H and CM compositions can produce an 
approbate oxygen isotope ratio. This mixture also has a bulk composition very similar to the mos" 
useful parent body composition [6] and has an initial Fe/Mn ratio compatible with eucrite compositions 

cou P |d n be e dPrivPd h f e CM ch ° ndritic me,eorite - Murchison, by [2] showed that a eucrite-like composition 
could be derived from such material. The experiment's of [2], however showed that the Murchison 

composition fails to produce appropriate Fe/Mn ratios. In an attempt to account for this discrepancy 141 
calculated a possible eucritic precursor based on oxygen isotopes and the Fe/Mn ratios The result Jas a 
composition containing 65% H chondrite and 35% CM chondrite. This composition satisfies all of the 

Sre fromthe ^BSHMCMb T®* ** ^ abundanCe 0f volati,es - specifically Na. The Murchison 
airrers from the 65H-35CM by having approximately 3.5 wt% less Si02, 0.1 wt% qreater Ti02 6 wt% 

greater FeO, 4 wt% less MgO, 0.6 wt% greater CaO t and 0.55 wt% less Na20. 

METHODS: The Murchison analogue and 65H-35CM analogue experiments were run using a vertical muffle tube C0-C02 gas 
King furnace. The experiments were run at three temperatures (1180*C, 1200»C. and 1300*C). and two oxygen fugacities (IW -0 5 and 

TriilLn onT T! ,S W6re mn f ° r 3 dlJrat '° n ° f ab ° Ut ° ne W6ek ,0 al,ow ,he experiments to reach equilibrium Using the 

at or very^“.ibriu^ [?I °" * ^ ** * "" ^ 9 ' aSSeS ’ *" ° f ,he sh ™ed ‘hey were either 

dPmn E nc»^ TS rh The w reSUlt ! ° f b ° th the Murchison anal ° 9 ue and the 65H-35CM analogue experiments 

°i F V 0SS and 0liVine cr y sta,lization the bulk cornposmon 
Lm fh 1A 3 d 1B ' Th u h ha Wlth a decreas,n 9 oxygen fugacity, more Fe-metal is fractionated 
from the me t, causing both the Fe/Mn ratio and Fe/(Fe+Mg) (FFM) of the bulk to decrease This 
compositional change follows the predicted Fe loss path seen in Figure 1 Equilibrium olivine 

ZZScVn' P .°H ,he Fe |0SS palh have hi9her Fe,Mn and F ™ ratios correspond^ "o 
those produced in these experiments. The residual liquid compositions have higher FFM ratios P reflection 

mn?rJh ar T con f raint ^ as wel1 as equilibrium partitioning. These redox controlled Fe changes leave 
most other elements unaffected, except Cr which is also redox sensitive 9 

A comparison between the experimental glasses and mean eucrites (Figure 2a and 2b) rai showed 
^rM n , 9enera ; he ^ urchlS0n composition is not as good of a candidate for a precursor as is the 65^ 
5CM composition. The partial melts of the Murchison precursor have Mn and Al depletion that deviate 
significantly from eucritic compositions. The 65H-35CM precursor, on the She/hand Ih» gT^Se 

^ a Th Ut h 0n *h f ° r m ° St elements exce P l Na at temperatures of 1180-1200°C The wide Na20 
k lr i hin both Se ts of experiments reflects the volatility effects on Na. The 65H-35CM composition 
is strongly enriched in Na20 content but shows great variably caused by Na volatilization The 1300°C 
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... lil'll'TnTlHff 

"^SclSsTnI" A b e d ucrM'Composition that will produce appropriate Fe/Mn ratios and FFM ratios, 
along the'Fa loss ^ a P better precursor than a carbonaceous chondrite, such as Murchison 

0^entTa2.“s n and 'tern SSSSSS, of the experiments carried ou, between IW -0,5 and IW 

-1.5 suggest that the eucritic melts may sc* 57, 2 . 23 - 2139 ; |3] 

28, 341; ,5, C W on and Ui^d. (.983) EPSL 62; ,6, Dr.iix* .1 al 

09re) PLSC e 211 (71 Takahashi (1978) GCA 42,1829-1844; (8] J.rosevdel. (1990) MaMtet 25, 323-337 
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1 39 Ar- 40 Ar AGES OF FOUR UREILITES; D. D. Bogard 1 and D. H. Garrison 2 

( Code SN1 and Lockheed-ESC, NASA Johnson Space Center, Houston, TX 77058). 

, Abstract . Ureilites Novo Urei, Havero, and Kenna show strong evidence of one or more ^Ar 
degassing events m the time period of 3.3-4.1 Ga ago. These ages may be compared to current interpretations 
of ureihte chronology. These include the suggestion of metasomatic activity on the parent body 3.7 Ga ago that 
reset some Sm-Nd ages and the suggestion that ureilites have experienced terrestrial contamination of several 
trace elements (including Pb and LREE), which makes suspect ages younger than '4.5 Ga [1, 2]. 

The detailed isotope chronology of ureilites, critical in deciphering their enigmatic history, has proved 
elusive. Takahashi and Masuda [3] reported a Rb-Sr isochron age of 4.01 ± 0.06 Ga for the MET78008 ureilite 
Goodrich et al. [1] reported that three ureilites defined a Sm-Nd isochron age of 3.74 ± 0.02 Ga, which was 
interpreted as the probable time of metasomatic activity and introduction of additional LREE and other 
components. A few other ureilites not showing enhanced LREE defined Sm-Nd model ages of 4.55 Ga. Sr 
suggested correlation with LREE enrichments and was sufficiently radiogenic to suggest a later introduction. In 
a U-Th-Pb study of Goalpara by Torigoye et al. [2] most analyses plotted above a 4.5 Ga isochron, which was 
interpreted as indicating significant terrestrial Pb contamination. They found LREE enrichments only in the 
aad leaches of the carbon- and metal-rich phases and suggested that a portion of various incompatible 
elements, including Pb and the LREE, may be terrestrial contamination. This study suggests that the 3.74 Ga 
isochron is a mixing line and that the formation age of ureilites is '4.55 Ga.. 

_ Because the K-Ar chronometer can be sensitive to metamorphic events, we made 39 Ar- 40 Ar 
determinations on bulk samples (0.12-0.14 g each) of four ureilites. Novo Urei and Kenna (a fall) were 
included in the group that suggested a Sm-Nd age of 3.74 Ga [1]; PCA86502 was included in the group that 
gave a Sm-Nd age of 4.55 Ga [1], Havero (a fall) has not been dated, but a significant LREE enrichment was 
reported [3], The determined [K] for our samples ranged 1.3-20 ppm (Fig. 1); literature data for bulk ureilites 
range 0.7-35 ppm £4,5], Nevertheless, corrections to ^Ar and 39 Ar for system blanks were relatively small. 
Corrections for reactor interferences were sometimes substantial, however, especially at high extraction 
temperatures where the K/Ca ratio was very small. Uncertainties in blank and reactor corrections, along with 
uncertainties in measurements of ratios and neutron flux levels, are included in the age uncertainties 

The Ar- Ar age spectra (rectangles, left scale) and K/Ca ratios (dashed line, right scale) as a 
function of cumulative Ar release from stepwise temperature extractions for the four ureilites analyzed are 
show m Fig. 1. The total age for Havero is 4.2 Ga; five extractions degassing '65% of the K sites indicate a 
quasi-plateau age of 3.0-3.5 Ga. Ages for Novo Urei generally decrease with extraction temperature, suggesting 
possible redistribution of Ar; the total age of all extractions is 3.71 Ga. The total age for Kenna is 5.75 Ga, 
and that for PCA86502 is 5.67 Ga. The higher ages shown by the first few extractions of Havero and PCA86502 
are associated with much higher K/Ca and probably represent contamination by K and adsorbed atmospheric 
Ar. The first two extractions of Kenna probably also represent adsorbed atmospheric ^Ar. The increased 
ages at the highest extraction temperatures of all four samples are associated with very low K/Ca ratios ('1ft 4 ) 
and K concentrations. Although these higher ages may reflect lesser degrees of degassing (e.g., the highest ages 
for Kenna and Novo Urei are "4.5 Ga), they may also be due to "“Ar contamination. Unusually high total gas 
pressures were observed at higher extraction temperatures, and these high ages may be due to enhanced ^Ar 
furnace blanks caused by CO-CO 2 released from high temperature carbon reduction of iron oxides. 

Because Ar- Ar ages shown by low and high temperature extractions may be suspect, we examined 
the intermediate temperature extractions. Five extractions (5-70% 39 Ar release) of Havero suggest an age of 
f “j ract,ons of Kenna ('25-80% 39 Ar) suggest an age of 4.1 Ga, similar to the Rb-Sr age reported 

tor MET78008 [3], Extractions of Novo Urei releasing >40% of the 39 Ar suggest an age 3.30 Ga. However 
because no obvious reason exists to suspect the low temperature extractions of Novo Urei, we note that the age 
A* rele ^ se “ Ga > identical to the total age. The lowest ages shown by two extractions 
o 86502 are 4.5-4.6 Ga, identical to the PCA86502 Sm-Nd age [1] and the maximum Ar ages shown by 
Kenna and Novo Urei. Although interpretation of these spectra is obviously uncertain, we believe that the most 
recent times of Ar degassing can be roughly inferred. These times are '33 Ga for Havero, 33-3.7 Ga for Novo 
Urei, and 4.1 Ga for Kenna, for which Ar degassing may not have been complete. 

We examined the possibility that some of the excess ^Ar might be associated with the large 
concentrations of trapped Ar known to occur in the diamond/graphite phase of ureilites. A study of Havero [6] 
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gave an upper limit to the trapped ^Ar/^Ar ratio of 0.0076; the predicted cosmic ratio is considerably smaller. 
Our Novo Urei and PCA86502 data define trapped ^Ar/^Ar ratios of 5.26 ±0.03 and 5.32 ±0.03, respectively, 
similar to the value of 5.20 ± 0.06 reported by [6]. A correlation plot of Ar/^Ar vs. Aif*Ai fo^Novo Urei 
(Fie 2) shows the significant range in isotopic ratios caused by the preferential release of trapped Ai at higher 
temperatures compared to ^Ar and 39 Ar. The large (MO 3 ) variations in ^Ar/^Ar ratios showthat Arisnot 
associated with trapped ^Ar. The other three ureilites give similarly large variations m w Ar/^Ar;the lowest 
ratio observed was 0.013 for the 1300°C extraction (‘55% 39 Ar release) of PCA86502. Correction for planetary 
^Ar assuming ^Ar/^Ar =0.007 produced no significant changes in the age spectra, even at high extraction 
temperatures. Thus, we conclude that planetary 40 Ar is a negligible component in these ureilites. 

The indication of ^Ar-^Ar degassing ages of 3.3-4.1 Ga for three ureilites that also contam an 
enhanced LREE component and (excepting Havero) produce a 3.74 Ga Sm-Nd age [1], suggests that both 
chronometers may have responded to the same parent body event. On the other hand, it is also possible that 
the Ar data reflect one or more separate events that did not strongly affect the Sm-Nd system, a situation t at 
commonly occurs in eucrites [7], Thus the existence of reset Ar ages does not require similarly reset Sm-Nd 
ages. It seems unlikely that the reset Ar ages could have been caused by terrestrial contamination o 
incompatible elements (including Pb and LREE), as was suggested by [2] to explain the U-Pb and Sm-Nd 
results. However, if terrestrial K were also introduced into these ureilites along with other trace elements, an 
if that K contaminant occupies similar (interstitial?) lattice sites to indigenous K in the ureilites, then it wou d 
be possible, b> principle, to generate a 


age is 3.7 Ga. 

References: [1] Goodrich, Patchett, 
Lugmair, & Drake, G.CA. 55, 829,1991; [2] 
Torigoye, Misawa, & Tatsumoto, Meteoritics 28, 
450,1993, and G.CA. submitted; [3] Takahashi & 
Matsuda, Meteoritics 25, 411,1990; [4] Wanke, 
Baddenhausen, Spettel, Teschke, Rico, Dreibus, & 
Palme, Meteoritics 7,579,1972; [5] Boynton, 
Starzyk, & Schmitt, G.CA. 40, 1439,1976; [6] 
Weber, Begemann, & Hintenberger, E.P.S.L. 29, 
81,1976; [7] Bogard & Garrison, Meteoritics 26, 
320,1991. 




















cov/'r /?/?/ 


LPSCXXV 


139 


BROMINE IN INTERPLANETARY DUST PARTICLES; J6rg Bohsung, Peter Arndt, Elmar K 
Jessberger, Max-Planck-lnstitut fur Kernphysik, PO-Box 103980, 69029 Heidelberg, Germany 

.. ..R^! 19 the passa 9 e through the atmosphere the chemical composition of interplanetary dust par¬ 

ticles (IDPs) may be altered not only by devolatilization upon heating [1] but also by contaminating 
processes [2] Given the possible cometary origin of some IDPs, the understanding of such processes is 
fundamental for the interpretation of IDP trace element data in general. Recently Rietmeijer [3] reported 
the first observation of Br nanocrystals associated with IDP W7029E5 that conjecturally are of strato¬ 
spheric origin To support this interpretation, Rietmeijer presents a linear relationship of Br concentra¬ 
tions of 11 IDPs with theoretical stratospheric residence times. We will criticise Rietmeijer's model but 
nevertheless demonstrate that with the given data the Br enrichments can be interpreted as being due to 
contamination. We present a contamination model that predicts a linear relation of the absolute numbers 
of Br atoms in a given IDP with its capture area and sticking coefficient. A stratospheric contamination 
would naturally explain the Br enrichments observed in many stratospheric IDPs [e.g. 2, 4-7] and, if 
unequivocally proven, would discourage from speculations about exotic cosmic scenarios [4,7]. 

RIETMEIJER S MODEL: According to [3], Br enrichments due to stratospheric contaminations 
via surface adsorption would result in a linear correlation of mass normalised Br concentrations to mass 
normalised atmospheric residence time: C Br (t)/moct/m (Eq. 1). To proof this prediction, Rietmeijer shows 
e data of a set of 11 particles (Tab. 1) according to Eq. 1 in a log-log plot, using particle masses m 

from [5,7] and residence times t which were 
calculated using a new model [8,9] for the 
settling of non-spherical dust particles. In that 
plot the data points are correlated linearly 
(Fig. 1, upper line). 

CRITICISMS: (1) The straight line does not 
proof Eq. 1, because it is incorrect to conclude a 
linear correlation of two variables if only their 
logarithms are linearly correlated. (2) The corre¬ 
lation itself is merely an artefact. This is obvious 
from the lower line of Fig. 1 where the same 
data are plotted assuming a constant (=1 ppm) 
Br concentration: the correlation is independent 
log{t/m)[log(wc/kg)J Fig i C0n ^ en ^ s - Consequently, the real Br 

abundances are not responsible for the ob- 
. served correlation but they rather tend to de- 

stroy >t. The common cause for the same slopes of both correlation lines is the proportionality of log(1/m) 
and log(t/m). This is expected since in the Rietmeijer model the residence time t increases with decreas¬ 
ing particle mass m. The measured Br abundances then introduce a slight perturbation since the vari- 
ation of logjCgr) is small compared to that of log(1/m). (3) The residence time model of Rietmeijer only 
If™!*. 1 * the or '9 inal preterrestrial size and shape of an IDP are known. But at least 2 out of 11 IDPs 
W7066 A4 and W7029*A27, are associated with clusters that probably were produced from larger 
particles by disaggregation during collection [11], and there the model is not applicable. 

NEW MODEL: We assume that (1) the original Br abundance of an IDP is low compared to a 
stratospheric contamination and that (2) the Br contamination rate is constant during the settling process. 
Then the absolute number of Br atoms N Br (t) should be proportional to the residence time t, to the 
capture area A c of the particle and to a sticking coefficient s, which is a measure of the surface mor- 
phology and chemistry of a given dust grain: N Br (t) oc t-A c s (Eq. 2). A c characterises the capture prob- 
ability and s the probability that the particle holds the Br atom (even after cleaning procedures). As the 
capture area A c we take the geometrical contour. There is, however, no good measure for the sticking 
coefficient s. Therefore we make the third assumption that as a first approximation s is proportional to 
th fu P 4 u ,Ce mass m ' This is J ustified if the number of possible chemical reaction partners for Br increases 
with the particle mass which is supported by the observation that Br is absent from the surface but rather 
concentrated in the FeO-rich portion of the volume in one IDP [12]. With this it follows: 
N BrW * t-Ac-m (Eq. 3). This contrasts to Eq. (1) which, by use of C Br ~N Br /m can be transformed to 

NB r (t) « t*m (Eq. 4) and thus does not take into account the capture probability A r in addition to the 
sticking probability s represented by the particle mass m. 
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Eq. (3) implicitly assumes short residence time t i.e. that the particle is not Br saturated (slow 
contamination model). If the contamination process is fast compared to typical residence times, then N Br 
becomes independent of t (fast contamination model): N Br (sat) ocAj-rri (Eq. 5). 

In Fig. 2 the three situations as expressed in Eq. 4 (Rietmeijer s model) and Eqs. 3 and 5 (our 
models) for the set of 11 IDPs used by [3] are depicted after dividing both sides by the ma^, I.e. plotting 
Co [ppm] versus t[days] (Fig. 2a), versus t*A c [days.pm 2 ] (Fig. 2b) and finally versus A c [pm ] ( F| 9 - 2c)_ 
Capture areas A c are estimated from geometry data [10]. In Fig. 2a the data points are not correlated 
whatsoever but scatter rather widely. This already indicates that the onginal assumption of Rietmeijer [3] 
is insufficient for any statement on the probability of stratospheric Br contamination processes. 





0 50 100 150 200 250 0 

t [days] 


t*A c [10 4 *days*M m2 1 


A c [10 3 *Mm 2 ] 


This contrasts to our models depicted in Fig. 2b and Fig. 2c where almost all data points are linearly cor¬ 
related. Unlike in Fig. 1, the slopes of the correlation lines now are physically significant, they 
characterise the increase of Br concentration with time and capture area (Fig. 2b) and capture area (Fig. 
2c), respectively. A more detailed investigation of Figs. 2b and 2c reveals that in both cases the 
correlations mainly depend on the variation of the capture area A c . If at all. the resi ence im ® 
play only a minor role, since the correlation of Fig. 2c is higher than that of Fig. 2b with only onei parti e 
(U2022G17) being far off the correlation line. Therefore we conclude that our simple fast contamination 
model can explain the observed bromine enrichments as caused by stratospheric contamination. If the 
K latter is true, then broken cluster particles 

— r, - inr r T]- itt— -p-Times A are no longer problematic: because of the 

Nr. IDR Name , * j [Mm c 2 j short duration of contamination now one 

-4^-4^4- ^5 -— could conceive Br enrichments of the clus- 

I ISSSS fiS £ 2 ™ m ter fragments even after their collision with 

3 W7°0 2 1 2 3H17 1188 5 53.0 769 the sampling collector In conclusion with 

4 U2022C18 892 36 68.8 758 our simple model the Br enrichment data - 

5 U2022G2 2000 34 26.8 870 at least for the available rather small set of 

6 U2022B2 1333 8 46.7 1004 IDPs — can be understood as due to strato- 

7 W7029*A27 1666 30 35.1 314 spheric contamination processes, support- 

8 W7013A11 3500 60 20.8 1464 jng the experimental observations by Riet- 

9 U2001B6 4776 90 31.1 1647 me |jer [3] that stratospheric Br-salt nanoc- 

10 U2022G1 6056 130 34.8 2700 n/stals are associated with IDP W7029E5. 

II U2015G1 6111 100 _!M-1647_ R ' eferences: (1] F | ynn , G , | C ARUS 77, 287- 

Table T Particle masses and Br concentrations from [5,7], 310 , 1989. [2] Jessberger, E. K., J. Bohsung, 

residence times from [3], Capture areas A c are calculated s. Chakaveh, and K. Traxel, Earth Planet. Sci. 

using particle dimensions and shapes from [10]. Numbers in Lett., 112, 91-99, 1992. [3] Rietmeijer F J. M 

the first row allow IDP identification in Figs. 1 and 2. J. Geophys. Res., E4, 7409-7414, 1993. [4] 

Van der Stap, C. C. A. H., Academisch 

Proefschrift University of Amsterdam, The Netherlands, 1986. [5] Sutton S. R., and G. £ Flynn, Pmc. Lunar 
Planet SdConf 18th 607-614 1988. [6] Wallenwein, R.. Ch. Antz, E. K. Jessberger, A. Buttewitz, A KnOchel, 
K -frtel and M B,»di. Lunar and Plank' Sci.. XX. 1172-1173, 1989. (71 Flynn, a J.. and S. R. SuRon.Proc. 
Lunar Planet Sci Conf 20th 335-342, 1990. [8] Rietmeijer F. J. M., J. Volcanol. Geotherm. Res., 55, 69 83, 
Sf Si Wilson L and T C Huang, Earth Planet Sci. Lett., 44, 311-324, 1979. [10] Flynn, GJ.andS.R Sut¬ 
ton, Proc Lunar Planet. Sci., 21, 541-547, 1991. [Ill Cosmic Dust c ° uri % Nr 7Code SSLStiM 27*292°992°" 
Space Center, 1986. [12] Stephan, T„ W. Kldck, E. K. Jessberger. and J. Zehnpfenmg, Meteoritics, 27, 292, 1992. 


Table 1: Particle masses and Br concentrations from [5,7], 
residence times from [3], Capture areas A c are calculated 
using particle dimensions and shapes from [10], Numbers in 
the first row allow IDP identification in Figs. 1 and 2. 
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° F IN SILICATE MELTS: EXPERIMENTS UNDER OXIDIZING 

CONDmONS; A. Bortsov, H. Palme, B. Spettel, MPI fur Chemic, Saarstrasse 23,55122 Mainz, Germany 

The effects of oxygen fugacity and temperature on the solubility of Pt in silicate melts of anorthite-diopside 
eutectic cornposmon at 1 atm total pressure were determined using metal loops. The main Pt-species in the melt is 
Pt . The solubility of Pt was found to increase with temperature in pure O z , while the solubility in air seems to be 
mperature independent Extrapolations to the high temperatures and low oxygen fugacities, perhaps appropriate 

™^gh(10 7 1016) thC Earth ’ ,ndlCate * hat P * Partiti ° n coefflcients bctwecn " on metal and Plicate melts may be 

Experimental. As in earlier work [1,2,3] liquid silicate droplets (2-3 mm diameter) were equilibrated with 05-1 0 
mm wide Pt metal band loops inside a furnace with controlled oxygen fugacity. After the experiments metal loops 
were removed and glasses were analysed for Pt by INAA. Because of the low neutron flux of the TRIGA-reactor 
Au could be used for Pt-analysis. The sensitivity of INAA for Pt-analysis, however, is lower then for Pd or Ir. In 
addition, Ca-produced 47 Sc (159.1 keV) caused interference on the 158.4 keV line of l^Au. For these reasons 
experiments were restricted to oxidizing conditions with solubilities not lower than one ppm. 

Results. Three experimental points at 1400’C reveal decreasing Pt concentrations with decreasing oxygen fugacity, 

JL t IT," 1 PU J e ? Xygen to , 7-6 ppm in air ( Fig1 )’ In an ex P«'mcnt at 10-3-4 atm ^ p t concentration was 
found to be below the detection limit of the INAA (<1 ppm). Thus, Pt solubility decreases with decreasing fO, 

IIidAlVh 7^“' Pd and A “ [1,2,3] ’ but “ contrast to ^e results of Amosse et al. [4] and Amosse 
and Allibert [5] for Pt and Ir. The slope of the correlation of log(Pt) vs. log^ is 0.54, indicating Pt 2 + as the main 

Pt-species m sdicate melt In [5] it was suggested that Pt°, at a level of 25 ppb, is the only Pt species in silicate 
melts, independent of oxygen fugacity. The decrease of Pt solubility at reducing conditions is supported by one 
experiment o eet et al. [6] at 1300 C and an f0 2 close to QFI. These authors found a Pt content of 70 ppb in 
silicate melt equilibrated with two immiscible complex FePdlrPt-alloys. Recalculation to the solubility of pure Pt 
(assuming ideal solid solution of Pt in the alloy) gives values of about 0.3-1.1 ppm, which are an order of magnitude 
higher than extrapolation of our results to the same conditions. This difference may be explained by different melt 
compositions, nonideality of the alloys and inaccuracy of our extrapolation. 

At constant f0 2 Pt-solubUity increases with increasing temperature in pure oxygen and remains constant in air 
(F'g-2), opposite to the behavior of metals of the Fe group, with decreasing solubilities at increasing temperature 

( S r^°. reX r Ple ’ ^ f ° r Nl ’ C ° and Mo) ' Different temperature slopes for different f0 2 are unexpected. For Pd- 
solubihties the same slope of 5 different f0 2 values was found, within error limits [1]. 

D« (iron metal/silicate melt). The results for Pt-solubility at oxidizing conditions were extrapolated to high 
temperatures and low oxygen fugacities and corresponding metal/silicate partition coefficients were calculated. Two 
assumptions were made: (1) Pt-solubility is temperature independent at reducing conditions; (2) only Pt 2+ is stable 
in the melt With these assumptions the following equation could be derived from the experimental results: 

Iog(Pt, ppm) = 0.51og(fi0 2 ) + 1.23 

or converting to D p < (wt. ratios), (see [1] for details): 

log(D p «) = -0.5-log(fO 2 ) + 5.31 - Iog( Ypt ) 

The activity coefficient of Pt in iron metal ( Ypt ) was taken from [8]. We want to emphasize the extremely low Yp , in 

: l ; d wr OW ^ COnCen r tl0n COmpared With 0ther nobel metaIs resultin g in ■ very Devalue. For example, 
at 1300 C the difference between Iog( Ypt ) = -4.53 [8] and log( Ypd ) = -0.67 [9] alone produces a 4 orders of 
magnitude higher value compared with D Pd ! 

a n ?wlT Stant DP ' S « re ShOWn in Fig ‘ 3 at fD 2' conditions more reducing than the IW buffer. These lines cross 
e u er curve, reflecting a decrease of with increasing temperature along or parallel to the IW-buffer 
Howevtr, even M lmp«raturB as high as 3500 K, which was suggested by Mutthy in bis model of global 
mande/core equilibrium [10], P, solubility is still very low (0.4 ppm). Assuming Vp , . 1 (ideal behavior of P, in 
liquid iron at very high temperatures) the calculated D 1 * 1 value at f0 2 = IW-2 is about 10 7 . 

Comparing the present results with earlier data [1,2,3] we can establish a sequence of relative metal/silicate partition 
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coefficients for different nobel metals: D» » D ,r » D» - D**- It ^interesting that sulfide/silicate partition 
coefficients at 1300'C and QFI follow the same sequence: D” » D r ~ D 16 J. 

Conclusions: The Pt content in upper mantle rocks is about 1% of the 

ratios are approximately chondritic. Thus, neither the high absolute value of D? nor the high D /D and D / 
ratios are compatible with a global mantle/core equilibrium as was suggested m [10]. The accretion 
chondritic veneer to the Earth is probably the best explanation for these data. 


References: [1] Borisov A. et al. (1993) 
GCA, in press; [2] Borisov A. et al. (1992) 
LPSC XXIII, 139; [3] Borisov A. et al. (1993) 
LPSC XXIV, 147; [4] Amosse et al. (1990) 
Chenu Geology, 81, 45; [5] Amosse J. and 
Allibert M. (1993) GCA, 57, 2395; [6] Fleet 
M.E. et al. (1991) GCA, 55, 2545; [7] 
Holzheid A. et al. (1994) GCA, submitted; [8] 
Gudmundsson G. and Holloway J.R. (1993) 
Am. Mineral, 78, 178;[9] Hultgren R. et al. 
(1973) Selected values of thermodynamic 
properties of binary alloys, American Society 
for metals, Metals Park, Ohio\ [10] Murthy 
V.R. (1991) Science, 253, 303. 
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Phosphorus Chemistry in the Atmospheres of Jupiter and Saturn 

T . *- BorU T’ V * Dorofeeva » I Khodakovsky,t P.Drossart, E.Lellouch, 
Th.Encrenaz ’ 

•Observatoire de Paris-Meudon, 91195 Meuion Principal Ctitx, France 

Vernadsky Institute of Geochemistry and Analytical Chemistry 
Moscow, Russia 


The chemistry of phosphorus compounds in the atmospheres of Jupiter and 
Saturn ,s investigated, leading to new distributions of phosphorus species. It is 
oun a p osp me PH 3 is the most abundant gaseous compound in temper¬ 
ature region 300-2000 K. The observed PH 3 abundances are found to be equal 
to its equilibrium abundances at T > 600 K in all the cases which have been 
analyzed including a sensivity study to variations of elemental phosphorus and 

t > ure g rang e UndanCeS ^ abundanCeS are ne g H g ible within all the tempera- 

The only phosphorus compound to have been detected on Jupiter and Saturn 

. m * r: e t l ]) ' Previous studies [ 2 ] . [3] , [4] have concluded that PH 3 is the 
stable cheimcal state of phosphorus only at T > 1000 K. In Figures the equilibrium 

distributions of the main phosphorus gaseous compounds along the jovian adiabat 
in case of solar phosphorus and oxygen abundances, for old (above) and update 
(below) thermochemical data are presented. Similar distributions are for saturnian 


Table 1. 


1 cond 


and oxygen (relative 


(K) of N H 4 H 2 P0 4 (s) at various abundances 
to solar). 


of phosphorus 


Abundances 


Jupiter 


' cond 


Saturn 


Abundances 


[ cond 


0=1.0 

P=1.0 

535 

0=1/50 P=i.o 

426 

0=5.0 

P=1.0 

578 

0=1.0 

P=l/5 

524 

0=1.0 

P=5.0 

546 


0=2.5 P=2.5 580 

0=1.0 P=2.5 556 

0=10.0 P=2.5 625 

0=2.5 P=1.0 575 

0=1.0 P=10.0 592 


References. [1] Encrenaz Th. (1990) Rep.Prog Phys 53 7Qq rol r ■ T 

mfYTV 0 ’ Tp [3 ' Barsh ^ ss “ d ^ Mira) Z® 33 59 ; 
[4] Fegley B., Jr. and Prinn R.G. (1985) Jp.J. 299, 1067. 
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PRELIMINAOT WMERICAL SMU^ONS M B M B A 1MPACT ON EART » 

National Laboratories, Albuquerque, NM 87185. Boslou gh and E.P. Chael, Sandia 

the coupltag to Ptoof-of-principle simulations for 

waves. Because of the axial symn K t 0 -7fte exrtS so lmPaC u by ^ foCusin * °f a *™c 
dependent only on ray parameter (or takeoff aX'! J ' PhaSeS and “P'^des am 
symmetric and homogeneous earth all the seismic ,nde I >e "‘ fc "‘ of azimuthal angle. For a 

off angle will be tefocused (minus by ,he tapact at a «*■ take 

of reflections and refractions it has experienced of ,he »™ber 

penence more strain cycles with much greater amolitude th'^ 7” * he aX ' S of s >' mmetr y will 
experience more irreversible heating. Th^mechanism ™ * a " e sewhere - a " d will therefore 
lead,ng to uplift, rifting, o, volcanism. TheTitoation u 10 a " isos,atic instability 

w tch has an asymmetric focal mechanism and a lareerTma f ° r 4 ® iant eart hquake 

*pI£ZZE£: 

varied as continental flood basalt eruptions mantle otam^ ^ e " responsible for processes as 
pole reversals. The link between impacts and such celT , riftin S’ and «oomagnedc 

Seyfert and Sirkin [5], who suggest that Was fct discusa «l by 

for initiating the breakup of plates. Burek and Wanke mni« !t P C °“ Id •* a mechanism 

ozo,c impacts and geomagnetic field reversals «„ r™ con '< da h°"s between known Cen- 
and tectonic episodes. They suggested that main, “ f y ages ’ shlfts Paleotemperatures 
tansitions in the upper mantle disrupting a deST^ ““I? shock -i" da oed phase' 

boundary. Rampino and Strothers [7] propo “ a auisl^T^ ^ty down to the core-mantle 
tions and major continental flood basalt volcanism ovenh between mass extinc- 

to explain it in terms of episodic showers of imnartino ~ hC last _ 2501111111011 years and attempted 
flie internal workings of the earth are supported bv co^i°T C f °" nections betw een impacts and 
fields with geomagnetic field reversals [8] and bv a r^er. i" 5 ° f ^ 3geS ° f tektites from strewn 

'“Sii^r impac * tha * with •""»»«• da p»* d 

nificant change in teTeSSrS^nltp^lT' 11 Pr ° bab ' y a si ^‘ 

body waves from earthquakes is a well-known nh^T ^ A "^f 1 ° dal . focusin g of surface and 
exploited by seismologists in studies of the earth’s Hp" 16 " 011 ° Whlch has P re viously been 
impacts on the moon, Mercury, and cy k^T° l lU f l Amip ° dal focusin g from 

expla^ unusua] surfacg featur ^ o ^ has ^ so evoked by planetary scientists to 

[13,14]. For example, “disrupted” terrains have been oh ^ 'T™- Structures on the se bodies 
basin on Mercury and the Imbrium basin on the Moon v d antlpodal t0 the c aloris impact 
that antipodal focusing of impact energy within the *f y recentl y there have been speculations 
activity f 15,16], but there has'not ™ V ** ‘° fl °° d basalt and hotspot 

For the preliminary seismic moduli™ i P 13 ng0rous model - 

applied a. the earth’s surface as a delta “ a vereical force 

ctton in time. The impactor was assumed to yield an 


^ AL FOCUSI^ OF SEISMIC ENERGY; Boslough M.B. and Chael E.P. 

impulse of approximately 3 x 10 24 dyne as““by^^g'TnomTl modes <rf 

me model PREM [181 to determine Q valuesi ^ , n ^ synthetic seismogram calcula- 

dllmX rn'olTxcitd by a vLcal point force. All spheroidal modes with per 

greater that 45 seconds were summed for *^J e ^ ains at any location in or on the earth. 

The synthetic signals yield estima es P . istance = i80°) are orders of magnitude hig er 

Strains at the surface near the antipode (a g ^ pigurel demonstrates that focused arrivals 

than those over most of the rest of the e . core-mantle boundary. The direct arnva 

have much greater amplitudes than d ^f^ ct folloW ed by a long high-amplitude focused 
can be seen for a point directly beneath P ^ benca|h the antipode of the impact, 
trace Figure 2 plots the peak strains as , mat peak strain amplitude vanes by 

Rorn thtfsurface me core-mantle ^“^ ^Sd^iply that most of the energy » 

^tf5KS=S“ _ -i- 

2 -TTT- 1 
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e 
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Figure 1. Synthetic strain history 


7200 



Peak Strain (^strains) 

Fig. 2. Peak strain along antipode 


Figure l. oynincuu juam ——j 

„ . * ic 9#v3-270 121 Alt etal. (1988)7. 

References; [1] Green (1972) [4) Negi et al. (1993) Phys. 

Geo,., 96. ^ 7 ; 6 f% [ 6 31 ,^^5Ts1yf^ anVsirkiri 0979) Earth History an,P^eTectentcs. 

Btuek and Unar Pianet. 

Rampino and Strothers (1988) Science. W ,, c^BaLmra, 75.329-348. [101 Gut « nb f rg a " d 
c ri Conf. 10th, pp. 25 - 37 . [9] Pohl J. (iv/ 1 . , / 197 m ph.D. Thesis, Caltech. [12] 

Richter (1934) Gerlands Beits O^Bl Schultz and Gault (1975) The Moon, 12 159-177. [Ml 
Chael (1983), Ph.D. Thes.s Caltech.A nsl Hagsmm andDtrrin (1991) EOS, 72 (44) p. 516^ 
Watts et al. (1991) Icarus, 93, 159-168. [15] g 2011-2014. [17] Gilbert and Dziewon- 

[16] Rampino and Caldeira (1992) Gcop ys. es- > j Dziewonski and Anderson (1981) 
ski (1975) Phil. Trans. Roy. Soc. Lon± A, 278,18 zov. L 

Phys. Earth Planet. Inter.^2.5, 291-35b _ National Laboratories by the U.S. Dept. 
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? H o°S MA ^? _ J: EVY 9: AN UPPER BOUND ON ITS MEAN 

? E ?Mw'w'f Do ss , DTMCarn e g ie Institution of Washington, 5241 Broad Branch 
Hoad N.W., Washington DC 20015. 


The tidal disruption of Comet Shoemaker-Levy 9 (SL-9) after passage well within the 
Koche limit ot Jupiter can be used to set an upper bound on the mean density of the pre¬ 
disruption body: if the body was dense enough, its self-gravity would have prevented the 
divergence of the tidally-fractured rubble. Assuming a perijove radius of rp = 1.627 ?j 
where Rj is Jupiter s radius, the theoretical upper bounds range from a mean density 
pc < 0.702 g cm -3 for a simple analytical model that agrees with numerical (SPH) 
simulations, to p c < 1.50 g cm" 3 for a more detailed semi-analytical model. Because 
these upper bounds are proportional to (1.627?j/rp) 3 , an accurate determination of rp 
is necessary in order to constrain the mean density by this mechanism. If rp ~ 1 62 the 
theoretical models imply that prior to disruption, Comet SL-9 was not a body with p> 2 
g cm (e.g., an asteroid). 

INTRODUCTION Comet SL-9 appears to have been tidally disrupted into multiple 
pieces following a close encounter inside the Roche limit of Jupiter [ll. While the pre- 
disruption body evidently had little tensile strength [2], the fact that the resulting pieces 
were able to emerge on independent orbits requires that the self-gravity of the comet was 
too weak to hold a rubble pile together, i.e., the mean density could not have been too 
large. Previous theoretical models of tidal disruption [3,4,5,6] can then be used to place 
an upper bound on the mean density of Comet SL-9 prior to disruption [7]. Cometary 
densities have been estimated on the basis of outgassing rates and non-gravitational 
orbital perturbations to be significantly lower than that of solid ice, implying a high 
porosity [8]; specific estimates include 0.6 g cm" 3 [9] and even 0.3 g cm’ 3 [10] for Comet 
Halley However, because of the likelihood of large errors in the quantities used to derive 
estimates based on outgassing, the error bars for Comet Halley probably range from 0.03 
to 4.9 g cm [11]. The tidal disruption of Comet SL-9 potentially offers a tighter upper 
bound on the mean density of a comet, provided the theoretical models can be refined 
and the perijove radius can be determined. 


ASSUMPTIONS. Numerical and analytical models of tidal disruption [3,4,5,6] agree that 
tidal disruption is possible during a close encounter with the primary body provided that 
four criteria are met: (1) the mass of the secondary body is much less than that of the 
primary, (2) the percenter radius ( r P ) is well within the Roche limit, (3) the velocity at 
infinity is small (i.e. the orbit is nearly parabolic), and (4) the dynamical motions are 
not dissipated. For Comet SL-9, the first two criteria are certainly met, and the latest 
orbital solutions imply that the pre-disruption orbit was bound to Jupiter, so that the 
third criterion is also fulfilled. While the viscosity of cometary ice is high enough to 
strongly dissipate fluid motions, for a tidal encounter a comet should react as an elastic 
rather than a viscous body. This follows from comparing the Maxwell time r M = pulp 
{p — density of secondary, u = kinematic viscosity, p = modulus of rigidity) to the 
encounter tim 4 ’ W ^ 1C ^ 1S about 104 s f° r Jupiter. An elastic body description is justified 
16] if t m > 10 s. For a comet, p ~ 1 g cm' 3 , v » 10 14 cm 2 s" 1 , and p ~ 3.5 x 10 10 

dynes cm 2 , so that t m >> 3 x 10 3 s. This means that the close encounter occurs so 
quickly that the comet cannot adjust to the changing tidal forces through viscous flow 
and instead will tidally fracture and behave similar to an elastic rubble pile. 

THEORETICAL CONSTRAINTS. Three different approaches have been taken to study¬ 
ing the tidal disruption problem, and each yields its own theoretical upper bound on the 
mean density [7], All three yield constraints of the form 


/1.627? A 3 

l rp ) ’ 
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where p u is the upper bound. An analysis of the scattering of fragments following the 
encounter [3] produced p u = 0.934 g cm 3 . A simple analytical model [4 5], calibrated 
by the results of detailed smoothed particle hydrodynamics (SPH) simulations of the 
tidal disruption of lunar-sized bodies by the Earth (see Fig. 1), yielded p u - 0.702 g 
cm" 3 . A semi-analytical model of the tidal disruption of small fluid bodies [6] leads to 
o = 1 50 e cm -3 All three of these estimates have been normalized to an assumed 
neriiove radius of r P = 1.62Rj [2,12], Because of the strong dependence of these upper 
bounds on r P , the largest uncertainty in the upper bound may be due to the uncertainty 
in the perijove radius. However, there is also a large uncertainty due to the factor of 
two difference between the two extremes for the theoretical models. This uncertainly 
presumably could be reduced by a concentrated effort such as the use of an SPH code 
to study more precisely the physics of a comet being disrupted by Jupiter. Such * 
precise determination should also take into account the likelihood that the pre-disruption 
comet was significantly non-spherical and rotating. 

_____ rr -" ! 



Fie 1 Tidal disruption of a lunar-sized body by the Earth as calculated by an SPH code 
[51 This calculation provides a heuristic analog for the tidal disruption of a comet by 
Jupiter. Note that the secondary body is tidally distorted into a string-like configuration, 
similar to the ‘string of pearls’ appearance of Comet SL-9. 

REFERENCES, fll Marsden, B. G. (1993). IAU Circular 5800 [2] Sekanina Z (1993). 

262, 382. J [31 Ziglina I. N.\l978). Phys. Solid Earthy 14, 46£ [4] Boss A 
P M9911 LPSC XXII , 129. 5 Boss, A. P., Cameron, A. G. W., & Benz, W. (1991)- 
Vi, 165 [6] Sridhar, l U TVemaine S (1992) Icarus 95 86. [7 Boss P. 
(1994). Icarus , in press. [8] Grim, E. (1990). In Asteroids Comets Meteors III e ds C.-I. 
Lagerkvist, H. Rickman, B. A. Lindblad, L M. Lmdgren (Uppsala: Uppsala U_ Press) 
321. [9] Sagdeev, R. Z., Elyasberg, P. E., & Moroz, V. I. (1988). Nature, 331, 240. [ ] 
TfirVrnan H & Huebner W. F. (1990). In Physics and Chemistry of Comets, ed. W. 
P*HSef^HnTfeerWerL), L. Bll W S. I. (1989). Icarus, 82, 36. [12] 
Chodas, P. W., & Yeomans, D. K. (1993). B.A.A.S., 25, 1042. 
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A p I « DPL ™F TEMPERATURES and solar nebula evolution. 

wJhington IfcmuF®* nStltUti ° n ° f Washington, 5241 Broad Branch Road N.W, 


The thermal structure of the solar nebula is important not only for the chemical 
for°dpt^r °' a SS re § at ? s that eventually formed meteoritical components, but also 

?hTT al T luti r ° f the nebula - I m P rove ments to the’radiative 
mmi tr method have allowed a new senes of 2D solar nebula models to be 
™T d , ? he f ew modeIs confirm previous calculations that produced a relatively 

rr/n nJr/T, ^ Tm > 1000 K inside 25 AU ) -ner region in a minimui 
mass (U.U2U A/©) nebula undergoing mass accretion at ~ 10“ 6 to 10 ~ 5 Mn vr _1 The 
radial extent of the region with T m > 1000 K shifts inward to about 1.5 AlMn a'lower 
mass nebula (0.0086 M©). While the surface density appears to be too low for such a 

evoIve th f ou S h gravitational torques, thermal ionization of K and Na may allow 
the generation of significant magnetic fields at the warm nebula midplane. 

INTRODUCTION. The extent to which the solar nebula was globally warm enough to 
ccoun or vo atile depletions [1] and other chemical patterns in primitive meteorites 

amidml™ nTF theoretdcal emulations of the thermal structure expected in 
Structure 3- 313 bula surrounding a solar-mass protostar. Calculations of the 2D 
f n ^ u ) a stl11 accreting gas and dust from its parent molecular 

cloud core suggest that midplane temperatures high enough to account for significant 
volatile depletion may well have occurred [2,3], Extrapolation of surface tempera!u1es 

profiles d [4] r aza,md T T&Un St&rS to midplane values predicts similar temperature 

NUMERICAL METHODS. The 2D equations of gravitational hydrodynamics and radia- 

S 31333 hmhed S< bTth^f SPaUally Second -° rder me J t . hod The previous investigation 
• 33 i .- y 3 e , slow convergence of the radiative transfer equation. Improve- 

^ S °! w f d 3 a speed ‘, P h y about a factor of 20, and allowed severS new 
„ d f T ^ *° c b c calculated and evolved farther m time than the previous model [2,3]. 

nushed n^f T fi3 a f blllty t0 f Cakulat ! fartbe f in time means that the models can now be 
P333? P t tb tr .ansients associated with relaxation of the initial temperature guess 

? P er t ture distribution, and into a phase where the nfbula 
cools because of the artificial depletion of matter infalling onto the nebula from the 

t^moemtu^l b ^ all ° Wedt ° f nter the S rid )- This allows the true quasi-equilibrium 
fpT l Vh b fi appr °^T ated b y extrapolation back to t = 0, using the cooling trend 
,, b ae first model is a recalculation of the previous model [2,31 in order to 
see i e new numerical methods have any effect. As shown in Fig. lb the midplane 

hlX^lnsSe^ AU ne ^ h model , is , cl ? se io . ihat °f the previous model, though slightly 
higher inside 3 AU. Other models have been calculated with variations in the inner 

boundary conation on the temperature distribution (1700 K, 1500 K, 500 K) the mass 
of the central protostar (1 Af e , 0.5 M©), the density of the infalling envelope and the 
mass of the nebula (0.020 M©, 0.0086 M© inside 10 AU, see Fig. lb). The 0 020 
ffil°?bi/ S eno ^ h tobe . stable to the growth of self-gravitational spiral structures 

except \n°the evo ^ tion - T he model is also largely convectively stable, 

except in the radial direction in the vicinity of the sharp T m drop at 2 ATI to 4 ATT 

an near the nebula surface, though the absence of convective instability in the vertical 
direction could be caused by an incomplete relaxation of the temperature distribution 

allow Ihe d^awf™ 8 f* S ° '™ im .. en ? n g h . to thermally ionize sufficient I< and Na atoms to 
flow the decay time of a magnetic field due to resistive diffusion [7] to be longer than the 

thi1/b na P , e ”° d *v 1S ' ? b ). _ . i e -> the Balbus-Hawley instability can operate [8]. While 
this thermal ionization is limited to the midplane inside about 2.5 AU, other processes 

[9 may account for sufficient ionization outside 2.5 AU and away from the midplane to 
allow magnetic fields to grow throughout the nebula. miapiane to 
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SOLAR NEBULA MODELS: Boss, A. P. 

CONCLUSIONS. Lowering the nebula mass by a factor of 2.3 can lower midplane tem- 
oeratures significantly. Thermal ionization of elements such as K and Na could result in 
sufficient iolization to allow the growth of magnetic fields in the inner nebula; mniza ion 
by decay of 26 A1 and 40 K and by cosmic rays [9] co uld maintain th e needed mmzation 

elsewhere. _ - b 



g 1000 

cu 


g 500 



time <tff> 


radius (AU) 


—~ -- raaius ; 

Fie 1 a- Time evolution of the midplane temperature at various radii (from top: 1.0, 1.7 
2 7 4 5 6 3 8 1 & 9.8 AU) in the 0.0086M© model, showing mit » a } )£ J^ I ) sients , f< ? 1 i 0 Tl 
by a 4ear’ cooling phase. V. Midplane temperature for the new 0 020M© model (sohd 
line) compared to the previous model [2,3] (short-dashed line) and t e new 0 

model (long-dashed line). ~ 5 M ' 1 | " 1 I 1 1 1 I rr H 1 " I 

V _ BD Amr JHAX- 13 \- 0 


LOG SURFACE DEHSITY PROFILE JHAX- 13 



0 fractional ionization for 
• Balbus-Hawley instability ■ 


1 i > t I ■ ■ i 1 t i i 1 i i, i I i > 1 ' uJ 0 2 4 6 8 10 

o z * ^ 8 10 radius (AU) 

F?(r 9 a- Surface density (V in g cm" 2 ) of the 0.020M© model (dots) compared to the 
critical a needed for gravitational instability (Q < 1) - the model appears o e s a e^ 
b Fractional ionization (n e /n ? ) for the O.O2OM 0 model due to ^ on of K 

and Na, compared to that needed for growth of a magnetic field on a dynamic timescale 

REFERENCES. [1] Palme, H., & Boynton W. V (1993) 

eds. E. H. Levy & J, I. Lunine (Tucson: Umv Arizona), 979 fl2Y LpFc 


*’■ J ’ 40 °’ 595 - M 

Stepinski, T F. (1991). LPSC XXII , 1329. 
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A STELLAR°SHO^ R w!?/r A ? ? o AI1 ^ S INTO THE SOLAR NEBULA BY 

of Washington^ SLTchSt W^n “>» 

t Ht w r^^ t rS y ^ s at e f s 

cXpeoflk^ 

iSSSSf X“ tanl 

The P rese . nce of short-lived radioactivities such as 26 A1 in meteoritical 

formation of theXnclusions [If nXeems totxdude foXtX^tesystemXo^h 
he gradual extraction (over ~ 10 Myr) of a magnetically-supplrted moIeS doud core 

a ^“hoSTare^ S Th mea t S ° f ’“‘^ng “ 1Ia P? a &■» Presold cto u d°such 2 
supernova snock wave 4J. The meteoritical discovery of presolar grains fSi C 

diamond) carrymg distinctive isotopic anomalies coiistSit^Sh^XSSiSii^: 

star such as a low-mass asymptotic giant branch (AGB) star ^5 61 ronnled 

with the possibility of synthesizing the short-lived radioactivities in an AGB star P f7l 

triers representing gas parcels or presolar grains ur/also calculated ' A central'tink 
S™„T bS ‘- e ! nfalll "« ”»“« a " d models its gravity as a point source Isotherm^ 
ID ^Tr” 1S a ? sumed ’ as ls appropriate for relatively slow (25 km/sec) shock waves 

smrdhscale* instabilities ftfr «£? “je. ability^ theUul/tion' SfollowThe 

A. j- 1 mstablhties (Kelvin- Helmholtz, Rayleigh-Taylor) that are likelv to develon 

(PPM)'hyLdyn^todlTlOl 1 ' '°TW S ' a ? em * with a 2D ‘'piecewise parabolic method 1 
„- f i ' y u roa y namics code [10J. This code approximates the fluid variables within a rell 
with parabolae, as opposed to the linear expansions used in the seconlwdn code Gc 

fJcaTId ^e U a e ch a Jeir S s e ed?e ln Th^ *5 Vh™*°f P r ? blems with contact discontinuities 

for each cell PPM T ] code then solves the Riemann shock problem analytically 

eacn ceil PPM can resolve shock fronts with just a few 3) cells about half tbaf 

from e f rretr ctlXo 2D S 'theVp°vf bi T d l W r th spatial resolution resulting 

interacting more accuracy cal -'a‘-ons will allow us to follow the shock-cloul 

UtiondwIblVf 1 !^' Cl °/| 1 J S “| “n*s 7 ^ ly n (20:1), spherical or prolate, gravi- 

n m o oi\ T Tr, e ^' ,ierm /'^ rat ’l “ an d m uniform rotation ?E r „//l£ l 1 = 

str , uck , soIel y by the dynamic (ram) pressure of a stellar shock wive (10 
to 25 km/sec), the clouds are marginally unstable to gravitational collapse [1^ When 

LTd^fT eff T tS °A hIgh tem P erature (10,000 K) gas behind the shock front are in 
eluded (Fig. 1), sustained gravitational collapse results, and the central density increases 

theT e 4 ? an -^ t0 \° { }° K T1 ? e t ra jcctories of tracers placed around the periphery of 
shnrk f Ud fe ld , e - the shock -front) show that roughly half the matter in the portion o/the 

of ra^us 200 AU) mPa ° ° Ud iS lnjeCted int ° the CentraI P^tostellar disk (a sphere 
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a^und^c^oFshortTived radioactivities generated by AGB star nucleosynthesxs [7], 

~ . rnxam mm ri 1 M ' i h^^hj 





/ 




S l KS “ 0 
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ASra^IDS A W C F E Botte,Jr T M E C Noto C R^ TC !l S 4 M f LL EAR ™ APPROACHING 
and Planetary Laboratory, University of Arizona,' ScsSuk 85721 V “* e ' y ' “ d MeloSh ’ Lunar 

(reftaSro ^^Ts^r^e^^l hi \ aS a^ r0idS by lhe 09 m s P a <*watch telescope 
infeued from the distribution of larger bodfefm "\oOriUUKK 50 m than ■“? previously been 
have perihelia and aphelia near 1 AU e < 0 35 an ri ^ ii' Rab “ owltz et al - found most S-SEAs 
spectral properties. The apparent overabundance of S SRAs * ~ 3 ° 0They may 3150 have unusual 
record, perhaps because- (a) the S-SEA nnn.,i a ri* f S_SEA . s 18 not reflected hi the lunar cratering 
(b) the cumentS-SEA popdato is ,1 oZtT “ “ of National selection effects, of 
not representative of the entire small-bodv Earth.!!!! anom | ^ Ious even b <* (c) the S-SEA population is 
population on special orbits Explanation (cl is ‘ PPtfecfeg asteroid population, but rather a sub- 

SEAs would produce nfuch W i% J l * “““. ° f - <*-»- S- 
crossing bodies. P ° cmes sm aller lunar craters) than most Earth- 

orbital space^candidate*sources^™hnpact^dec^from o Steady ' State excess of smaJ l bodies in that 
fragments from the main-belt or coilisfonal L^ f , ° F m ° re) terTestrial P lan ets, collisional 
must match the following t i ^ ******** asteroid. A source 

of small bodies in the sL^SJSSta \T) £ZjZrt ^ (2) Spec * a (3) «» 

meteorites) mlative to the overallMeteorite fecorTS Zl7 “??" ( «*- SNCs or 
create the observed S-SEAs. ’ * e fre< l uenc y of impact events that could 

Melosh and Tonks [2] (see ato(3-5J) m'wMchboth"^ e , ol “ tio,1 of *“• bodies “sing the model of 
orbits (with unifonnly pm “ssto. lideT^r T PW ““ "* ,est ^ « on keplerian 
considered unperturbed unless fey Sua b this ““«• btxlte are 

with fe pfeet, or (b) experience a AV based on a rivt ^y e^uTre?' ^ ^ « “ mde 

orbital"«. 7 ”^e)^f A^S^fproSbmf d kapact **"***- on a map (in 

Bottke et al. [6]) for an asteroid encountering^boS ^682^^* (using meth od of 

and the 224 known near-Earth asteroids LTrim!? 2 !f g mam-beit asteroids (D>50 km) 
population as a function of size [7 8] and adnnrino th Z u number °f bodies in each asteroid 
[9] to simulate catastiopfe 1 ^^^ and HoEapple 

»ven size body on a particular orbit. Fig. 1 shows to taiTes fempoon frequency for a 

a* 

Mai^WrSl^gt^hri^TISt f0r r r - Eanh “ (5, 11,. 

i 1 sKnrr 

e v ~-—-w »:~r 

resommcw^e^o^Lid^O.^^respectivelv^are^ 0 *!']! 6 ! 0 * 1 d Ime via fe 3:1 and v, 

evolving down the q = 1 AU line disroot thmiivh • 6 y to ^ ecome S-SEAs; most objects, while 
with Earth before reaching the low e orbie of fefw**? "J* ^ mai ”- belt Population or collide 

* 0fbltS ° f S ' SEAs - Furthermore, though frequent impacts with 
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0* main-belt would produce fresh collisional debris, there is no reason for the process to create the 
clear excess of small bodies seen as S-SEAs. could produce a 

However, planetar, Rafter ejection (see also (12)). 

small body excess spannmg the oirrent S ^ imill . belt lowing it to survive and 

Ejecta from these regions a c0 ^°^ d ^ d P ejecta Mars does not appear to survive long 
maintain its steep size-distnbuuon Small y J with Mgh enoug h velocity to reach 

enough to reach the q = 1 AU line, unless J survive to reach q = 1 AU; break- 

q = 1 AU almost immediately. A large Marti gm collisional disruption of any NEA 

up there might produce the S-SEA dtsmbuhomto feet a ~ms ^P S . SEA spectra 

in UK same region couM also.produceto obauv'* *^^ 0 S 0 n is needed on the S-SEA size- 

w B (1W3) 

References' [11 Rabinowhz D. L.« of. (1993) Mure 363. pp. WMJt. W ££ R U) 

Astrophys. J. 141. pp. 1536-1547. [5] We • ' ' 257 np 1647-1652. [81 Morrison, D. (etf.) *1992). Tbe 

fcjr. in press. [71 Belure M. J. S. « * K. A. (1990) Icarus 84.pp. 226- 

Spaceguard So™,. NASPu W^t^D.C CT toue n- 1 ^ ; Univemt, of Arizona Press, pp. 

w n n Greenbera R. and Nolan, M. C. (1993) Resources uj r 

“tipi MVktey. a. M. and Melosh. H. I. (1993) Meuamcs 28. pp. 453. 


Fig. 1: 


4 Fre^^LCalas 


Fig. 2: 


H octirifince time of Earth ^joonsys^^ 




a s // 




&< * X 


.M*r» 

.Earth (Q - 1 AU) 

. 

Mercury (Q) 


Eccentricity e 


Eccentricity e 


Fig. 1 : Map showing frequency of catasur^c tapu<»ba^^s^gth ^^[^Steroids have perihelia (q) or 

an inclination of 10° (Contour spacing rs 2 xl(T yr ^ posidoos of the S-SEAs 

apheha «2> Kw!higherdisrupt ftwpKncies. 

[„. Note that few S-SEAs alon£he, ^ ^ (y> . , ^ Note drat 

Tic. 2: Contour plot showing the relauve resiaence uuuc 

J higher contours correlate well with the posiuons of the S-SEAs. 
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] ™, Jet Pr„pu|s,„ n Labora , oiy and c - G - Samtnts, University of Southern 

IS*** — scale, 

° h meatlon pacing have been taken IT Spa ^ ngs ran ging from 0 5 to 2 0^? llneatl °ns, which we 
a shear lag model of fracture^^formationTh^* the p,ai " s *> the mea —ents 

, e 1/3 tbe m ean spacing. To datP !! , standard deviation of fhJT° d Reg, °- According to 
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P , VA i P ° R J^NSPORT, WEATHERING, AND THE HIGHLANDS OF VENUS; Robert A Brackett Bruce 

Snf ley </ r ‘’ and ^ y T nd E ' ^ rvidsc ! n - Department of Earth and Planetary Sciences and McDonnell Center’for the 
Space Sciences, Washington University, St. Louis MO 63130 uenter ror tne 

Introduction A one-dimensional finite-difference vapor transport model shows the diffusive migration of 0 01 to >10 
SSK t0 S igMy V0,ati,e phases <5- metal halides and cUb£3£»from to fa&rt 

!? ° n K VenUS : diff “ sive frans P° rt of volatile phases on Venus has imphcadons fS 

the interpretation of Magellan radar observations, weathenng models, and surface geochemistry 

Tbe microwave emissivity of the highlands of Venus (0.3-0.6) is lower than that of the lowlands fO 8-0 oh 11 
and has been attributed to highland surfaces with unusual chemical compositions anX^^texTures inSuSg- the 
presence of pynte [1] perovskite [2], ferroelectrics [3], decimeter-scale voids [4], or a low-loss soil layer Sl Vre 

,*s s h t ;ihTal^S^. vapor ,^anspor, of V0,a,i ' E phaies and ^ -“SSs&Sb 

times greafefdi'an on"ffESKr ^ ^pressures of nearJy all metal halides and chalcogenides are 

a a , ~ ,a ™ *0 [6]. From 0 to 10 km elevation, vapor pressures of metal halides and 

chalcogenides drop by 1-5 orders of magnitude. The net effect of high vapor pressures and strong concentration 
?ht^ entS v/ h K 11)6 venasian highlands act as “cold traps” for volatile vapors [7; 8], We focus on metal halides and 

ChalconXra^vol^iSl 316 C ° mmo,ll . y observed in terrestrial volcanic gases and sublimates (see Table 1.) [9-12] 
2S I,C and yolatile elements in volcanic gases are enriched up to 8 orders of magnitude relative to associated 

factors inclS? n Se S Q T f'sT B a r n rd A d T ^ olcanis ^J 1 u 0; }?’ \ 4 } Elements with the largest enrichment 
also be ^oc l s ofchem^ we;,herin»' ^l^So. U ' Pb ’ Hg (13: l41 ' Me,al halid “ *“* chalcogenides may 

kmlon^na^r^fX^r tranS ?° It is modeled using a one-dimensional box model composed of 100 isothermal 10- 
i™ wS k i f b f ( T at ™ 0S P he re and one solid). The temperature range is 740 K to 660 K Mass is 
eddv diffusivltv atm °f P J ere boxes ^through eddy diffusion, governed by Fick’s Law [15; 16], The meridional 

wind velocities ' u^tviS as J* Xw*? at ™ s P her{ ; ^estimated as I0« cm* s' from observed Venera surface 
AA* * r ’ j r 35 where H is scale height and by analogy to the terrestrial troposphere FI81 

^fnVh anSfC,Ted fr °, m SU u rfaCe l ° atmos Phere through Langmuir evaporation. Transfer from the surface to th e 
S h f 0CCUrs wh , en * c FJrtW P re ssure in a gas reservoir is less than the equilibrium vaporpressure 

condrasation ^Tftlfe nnrtiaf *° ld matenal is P resent Mass is transferred from atmosphere to surface P through 
until th l k • tbe partia Pressure in a gas reservoir exceeds the equilibrium vapor pressure, mass is condensed 
mOthnrf TXT VapOF P ressure > s reached. Mass transfer is solved as a function of time using a finite-difference 
' ^ be total mass is conserved. Initially, the mass in each gas reservoir is determined from the equilibrium 
vapor pressure for that reservoir. Each solid box begins with a uniform thickness (j e., uniform mass). q 
Model Results Figure 1 shows results for model runs using high, moderate, and low volatility K aa = 10* cm2 c-i 
and a uniform initial surface layer thickness of 1 cm spread over the entire grid. The thickne^ofAe^urface kve? is 
35 a funct ion of time versus elevation above mean Venus radius. Transport of several cm of material tohigh 
trfnfn occursov< : rtlme scales of thousands to millions of years (for high and moderate volatility phases) Little 
transport occurs for low volatility phases. Three general features are observed. First, the hottest reservoir with solid 
material loses material to colder boxes and gains no material. Also, the average residence^ time fr Tnverse v 
t °i 7 ' Tl l e . re l fore ’ the transitl0n from areas with no surface material to areas with enhanced (neater than 
. a ^ SUI J aCe layer thicknesses is abrupt. Second, material accumulates at the coldest reservoir (highesfelevation) 
because of mass balance and down-gradient vapor transport. Third, transport of material^ hSSSSs^SS 
nonlinearly due to the exponential dependence of vapor pressure on T. The rate of transport is to firstorder linearlv 
m’iX.m 0 ^? Ktddy \ n-^ Ure 2 ^ volatility of selected metal halides and chalcogenides compared to the hhrff 

Eg"™! and *°S. volatility runs. Table 1 lists metal phases found near terrestrial volcanic vents and Coles § 

h£te half ,n U // C : e H ntly th,Ck condensate layers would be detectable in Magellan emissivity data. For a two-layer 
infinite half-space, the microwave emissivity, e , from the surface is ^ y 

* p j d , ,, , e=l-[Ri + R 2 (l-2R 1 yL 2 ](l-/? 1 R2/L 2 )' 1 

IhT- Ilf, Rl f e the dir L ect ! onal P° wer reflectivities (from Fresnel’s laws) of the 1st and 2nd layer resoectivelv 
and L is the loss factor in die 1st layer [19], assuming layer thicknesses > wavelength of the radar Ravleidi-Jeans 
a ppr°ximati°n, phase incoherency and no volume scattering in the coating layer For selected metal halfdes and 
chalcogenides thin (<fcw cm) layers have sufficiently high dielectric constants to maSIhfobseXd highland 
TTcfSd« r P l< j r0WaVe i diele l f tr,C cons , tants ofW °3. SbSI, PbTe, PbSe, PbO, PbS, Sb 2 S 3 , Sb 2 Se 3 , Pbcf and 

500» 4m 280 d 2m^9n n i d Rn Wh fnn eta S "? T? bcd vo'canic emissions [13; 14]) are 6,000-90,000, 2,’(X)0- 
jU,uuu, 400, 280, 200, 190, 180, and 110 respectively [20], W0 3 and SbSI are ferroelectric [3] 

Volatile phases may speed mechanical and chemical weathering. At equilibrium with a saturated fluid hrvr 
crystals grow at the expense of small crystals, minimizing Gibbs free energy [21], Large crystals will exert sufficient 
pressure o mechanically fracture rock along pores and cracks, analogous to salt weathering on the Earth [21] 

P ther Jl ^ es °f evidence also suggest the importance of vapor transport on Venus. It is possible that volatiles 
JPf’JaPf metal ha,ldes or chalcogenides) may be detectable as low-altitude hazes on Venus. [22] found increases in 

Th^ -r ng r Cr0SS - S , eCtl0n between altitudes °f 5.8 - 6.4 km that are compatible with presence of low-altitude hazes 
Ttic failure of several instruments aboard Pioneer Venus Entry Probes at 12.5 km elevation may be due to conductive 
p ases shorting out external instruments [8], A metal halide or chalcogenide is a likely candidate. A highland 






158 


LPSCXXV 


VAPOR TRANSPORT, WEATHERING, AND HIGHLANDS OF VENUS; Brackett, R.A. et al 


lander capable of elemental analysis XRF or a-particle backscatter) would provide direct evidence of the role of 
vapor transport. 


HIGH VOLATILITY 


MODERATE VOLATILITY 


LOW VOLATILITY 



1 Myr & Myr 



ELEVATION (km) ELEVATION (km) ELEVATION (km) 

Figure 1. Thickness of surface layer vs. elevation as a function of time. High volatility 
_ 10-3 5 Pvap(660 K) = lO’ 5 - 2 . Moderate volatility corresponds to a Pyap(740 K) - 10 • , Pvap(660 K) 
Low volatility corresponds to a Pvap(740 K) - 10 9 6 Pvap(660 K) = 10 12 - 2 . 
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Re. 2. Ratio of Pvap(740 K) to Pvap(660 K). Small closed symbols 
correspond to selected metal halides and sulfides [6], Large open circles 
correspond to model runs. 


TABLE 1. Metal Phases Observed as 
Terrestrial Volcanic Sublimates* 

Chemical Formula 


Mineral Name 
Anglesite 
Cassiterite 
Chalcocyanite 
Chloromagnesite 
Contunnite 
Qjvellite 
Cs-K Sulfate 
native elements 
Fluorite 
Galena 

Galenobismutite 
Halite 
Hieratite 
Hydrophilite 
Lawrencite 
Magnetite 
Massicot 


PbSOi 
Sn0 2 
CuS0 4 
MgCh 
PbCl 2 
CuS 

not identified 
As, Pb, S, Se, Te, T1 
CaF 2 
PbS 
PbBiS 4 
NaCl 
K 2 SiF 6 
CaCl 2 
FeCl 2 
Fe 3 0 4 
PbO 


maaaiwL ~ 

Mn-bearing wolframite (Fe,Mn)WU 4 


Nanodtite 
Orpiment 
Re-molybdenite 
Realgar 
Scacchite 
Scherbinite 
Se-bearing minerals 
Sphalerite 
Sylvite 

Tl-bearing minerals _ 

a. Data taken from [9-12] 


CuCl 2 
As 2 S 3 
(Re,Mo)S 2 
AsS 
MnCl 2 
V 2 0 5 

not identified 

ZnS 

KC1 

not identified 
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REFLECTANCE SPECTROSCOPY OF INDIVIDUAL INTERPLANETARY DUST PARTICLES 

J. P. Bradley 1, D. E. Brownlee2, and L. P. Keller^ 1. MVA Inc. 5500/200 Oakbrook Pkwy, Norcross, GA 
30093, 2. Dept, of Astronomy, Univ. of Washington, Seattle, WA 98195. 

In the absence of actual samples from most Solar System objects, reflectance spectroscopy provides a 
means of obtaining information about planetary surface compositions and mineralogy [1], A large data 
base has been acquired from asteroids in the visible (VIS) and near infrared (IR) spectral range, and 
similar data have been acquired from all of the major classes of meteorites [1-3]. On the order of fifteen 
asteroid classes are recognised but most belong to the S, C, P, and D classes [1]. Comparison of 
meteorite spectra with those of asteroids suggests that meteorites are a highly biased sampling of the 
asteroids. In contrast to meteorites, interplanetary dust particles (IDPs) collected at 1 AU are derived 
from a broader range of Solar System objects [4], Reflectance spectra from IDPs might result in 
recognition of samples of parent bodies not represented among meteorites. We have obtained the first 
reflectance spectra from individual IDPs as small as 5 pm over the visible wavelength range 380-800 
nm. Many chondritic IDPs are ideal candidates for reflectance spectroscopy because they are extremely 
fine-grained and homogenous on a scale of micrometers. Spectra have also been collected from particle 
standards and meteorite fragments. We are now evaluating hardware modifications that will enable us to 
extend the range of measurement into the near-IR region (800-2100 nm). 

Spectra are acquired using a reflected light microscope equipped with a halogen light source, 10X and 
50X objectives, aperturing diaphrams, and a photometer unit with a photomultiplier tube (PMT) detector. 
The spectral response of the microscope photometer system itself is continuously monitored by 
collecting data from a pressed barium sulfate pellet over the 380 - 800 nm range with a 5 nm 
measurement interval. Particle data were collected from titanium oxide 01407), fragments of Allende 
(CV3) matrix, and chondritic IDPs (with diameters between 5 and 30 pm). The spectra were acquired 
using oblique illumination and measurement of the (scattered) light reflected perpendicular to the surface 
of the sample. Figure 1 compares a "bulk" spectrum (from a 2 mm diameter region of a pressed pellet) of 
T14O7 with that of an individual 20 pm diameter ^407 particle. The ^407 standard is homogenous, 
fine-grained (~0.5 pm average grain size), with a low (bulk) reflectivity that has been independently 
measured at JSC. Between 430 and 800 nm (Fig. 1), the reflectivity of the particle mimics that of the 
bulk sample. However, below 430 nm there is an abrupt drop-off into the UV. The reason for this drop¬ 
off is currently under investigation, but preliminary observations suggest that it is a scattering effect 
related to particle morphology. (This particle dependent UV drop-off may have implications with regard 
to interpretation of asteroid reflectance data). Under appropriately optimized conditions, it was possible 
to routinely determine the reflectivity of TUO7 particles (<25 pm diameter) within 1% of the (bulk) 
reflectivity of Ti4C>7 between 430 and 850 nm (Fig. 1). 

Figures 2 and 3 show reflectance spectra from 4 Allende fragments and 5 chondritic IDPs. 

The Allende spectra, collected from particles between 20 and 40 pm diameter, are compatible with bulk 
spectra of Allende and other CV3 meteorites (see Hiroi et al. [3]). The IDPs exhibit a broad range of 
reflectivities in the visible wavelength range (Fig. 3), although we see evidence of grouping among a 
much larger population of chondritic IDPs. Some IDPs (e.g. L2005AE11) exhibit generally flat spectra 
similar to those of carbonaceous chondrite meteorites and C-type asteroids, while others (L2011R7) 
exhibit a pronounced rise into the infrared similar to P and D asteroids (Fig. 3). Spectra from IDPs 
whose bulk carbon contents have been determined are also shown in Figure 3. Generally, the most 
carbon-rich IDPs exhibit the lowest albedos, although there are exceptions. Determination of the spatial 
distribution and chemical state of the carbon (e.g. amorphous carbon or carbonates) may explain these 
exceptions. 

We have established that it is possible to measure the reflectivities of individual (<25 pm diameter) IDPs 
within the visible wavelength range 430 - 800 nm. Noble gas measurements and electron microscopic 
studies of many of these IDPs have been initiated in order to evaluate spectral reflectivities in terms of 
mineralogy, petrography, thermal histories,and sources of IDPs. 
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Figure 1. Reflectance spectra of 
Ti 407 from a pressed pellet and from 
a typical 20 ^m fragment. (Ti 407 
sample was provided by Carl Allen, 
Lockheed, NASA/JSC) 



Figure 2. Reflectance spectra from 
four 20- to 40-pm sized fragments of 
matrix from the Allende CV3 
chondrite. Spectra B, C, and D are 
shifted from A by 1, 2, and 3 
reflectance units, respectively. 



Wavelength (nm) 


Figure 3. Reflectance spectra from 
individual chondritic IDPs showing 
the range of reflectivities and spectral 
slopes observed in IDPs. 
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our group carried ou7dSS S ZTJ be " n . dlsre g^d in previous work. In contrast, 

petrographic, chemical, and chronologfcafstudies on samDleTfrraftf • t t ° geth ? r Wlt . h com P arative 

the possibility of an association of the^asic and alkaline intrudes wifh Ti? 

obtained in the past for samples from the Pienaars Pivpr Alkali n i , r ® en * # Chronological data 

sissz* g f “' h ° * »gf «-y 
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Premier Idmberbte [ 7 ] ThSksme ofSS' '”' ' S , Slm,lar ‘° va ^"? for "V*x>* i» the 1180 Ma 
to that of the Pretoria area ktaberRes denvatioa, apparently from a lithospheric source similar 
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event at ia. 200 ka ago 1 m '°°’ C or less c “ ,al 8nd hove no association with the cratering 
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DATING OF INTRUSIVES FROM THE PRETORIA SALTPAN 


IMPACT CRATER: Brandt D. et al. 



Fig.l Location of the Pretoria 
Saltpan and mapped surroundings 
with respect to identified members 
(shown as outcrop) of the Pienaars 
River Alkaline Complex 
(modified after Harmer, 1985). 



Fig.2 Isochron diagram for studied samples using 
Cox 9 and Hid 4 as the lower limit constraints. 
Crosses indicate samples excluded in these results. 
This combination gives the best fit isochron age. 


E 3 Diagram of the "lower end" values, 
mbinations of which were used to calculate 
jchron ages (cf. text). Scatter is attributed 
alteration. 
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YOUR OWN EDUCATIONAL OUTREACH PROGRAM: IT'S NOT AS HARD 
AS YOU THINK. R.H. Brazzle^, B.M. Baricerl,L.C. McLeod^ and C.M. Hohenbergl; 1. 
McDonnell Center for the Space Sciences, and Physics Department, Box 1105: 2. Department of 
Earth and Planetary Science, Box 1169: Washington University, One Brookings Dr., St Louis, 
MO 63130 

In recent years, educational outreach programs (specifically in the sciences) have begun 
popping up at colleges throughout America. A possible motivation for this may be a 1983 report 
by die U.S. Department of Education popularly titled "A Nation at Risk." This report found that 
while the percentage of people who graduate from high school or college has continually 
increased in the 20th century, the quality of their education has not [1]. Thus, as our society has 
struggled to become more inclusive educationally, we have sacrificed the quality of that 
education for all. This report had a special warning about the scientific future of our nation: with 
the great gains of the "Sputnik challenge" program essentially undone, we face "a new generation 
of Americans [that is being raised] scientifically and technologically illiterate" [1]. 

A new U.S. Department of Education report, titled "National Excellence: a Case for 
Developing America's Talent" was released in November 1993 [3]. This report studied gifted 
and talented children, and educational programs for these children. It found that while progress 
has been made since 1971 (the year of a previous government study [2]), only about two-thirds 
of America's public schools have "gifted programs", and many of these are probably inadequate. 
These students thus spend most of their time in classes that require little effort. [3-6] 

Thus it seems that the fixture holds mediocrity for America's best students, and scientific 
illiteracy for all. At Washington University's McDonnell Center for the Space Sciences, we are 
developing an outreach program that attempts to address both of these problems. Thus we have 
two general goals for our outreach program: 1) to reach a large number of students with the 
message "science is ubiquitous, relevant and exciting" and 2) to challenge students who are 
scientifically talented, and show them a working example of how science is done. 

We are not attempting to 'make more scientists'. Rather, we are attempting to give 
students an honest, clear view of what scientists do. For those students who are serious about 
science, our program should provide a head start to (and overview of) their own career in 
science; through this, they may be able to make better decisions concerning subsequent 
education, etc. For all students, our program should help reduce fears of science, and help guide 
all students to be members of a scientifically literate citizenry. They will be the politicians and 
voters of the future, and will be making decisions that affect our nation's scientific pursuits. 

Our educational outreach program was made possible by a unique program conceived by 
NASA called the "Educational Research Fellowship." This fellowship supports a graduate 
student for fundamental research (as is the case with NASA's Graduate Fellowship Program). 
However, it makes additional money ($10,000 annually) available for the formation of an 
'education team' (consisting of the PI, graduate student, and undergraduate intern) who are then 
charged with designing an outreach program. The authors of this abstract are our education team 
members. We are working on several projects which aim to satisfy these goals: 

Specific Projects 

In regard to the first goal, we are developing a slide show presentation on the history of 
the solar system, and the ways we explore it. At first, we are focusing on students at about the 
8th or 9th grade level (when many students are taking earth and/or space science courses) but we 
hope to expand this to accommodate both younger and older students. 

We have made $1,000 available to local teachers in a "curriculum improvement grant," to 
purchase educational materials which will be used to augment an existing science course. This 
money came from the $5,000 budgeted by NASA for our outreach program through their 
"Educational Research Fellowship" mentioned above. Our reasons for making this money 
directly available were several-fold: Applying for the grant gave teachers practice in writing 
proposals for funding, which may become an important skill in the future. The responses from 
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teachers provided us with additional ideas for our own program; i.e. we became more aware of the 
kinds of materials that real teachers need. Finally, the announcement of the award provided an 
excellent form of 'advertisement' for the rest of our outreach program. The goals we set in 
announcing this city-wide award were realized, even though the response rate was lower than 
anticipated. 

To fulfill the second goal, we are developing an in-depth tour of our facilities here at the 
McDonnell Center. This tour is geared towards students studying high school physics and is 
intended to show them how the physics they're learning is used in real scientific research, as well 
as introduce them to some of the current methods of scientific research. We have also given a 
presentation on a specific research project (along with two other Washington University graduate 
students) at the new St Louis Science Center, to an audience of local science teachers. We hope to 
give similar presentations to talented high school students and their teachers in the future. 

Finally, we are working to increase teacher awareness of existing NASA resources, and are 
augmenting these resources for the teachers in the St. Louis metropolitan area. The "National 
Excellence" report showed that America's top students are bored and unchallenged in their classes; 
but the authors of the report argue against the practice of "tracking" talented children into special 
classes. Therefore, fundamentally new materials must be developed to simultaneously challenge a 
classroom of students who populate a broad 'ability spectrum.' We are developing such materials 
to distribute to local science teachers through our regional Teacher Resource Center. These written 
materials are in the spirit of NASA's "educational briefs." In fact, they can be used as background 
information to get more out of the "briefs." Thus, we hope that these materials will benefit 
students at all ability levels. 

An example of these broad-based materials is an activity on crystal growth. The basic 
message would be the ordered structure of crystals. More sophisticated students would also learn 
ideas of solubility. Students with yet higher levels of ability might learn about atomic structure. 
The most advanced students may be able to redesign or modify the experiment in order to broaden 
their understanding. This activity (and others like it) is applicable in a wide variety of classrooms, 
and it contains an essentially arbitrary amount of information for a given student to learn. This 
makes it ideal for the 'integrated classrooms' advocated in "National Excellence." 

Conclusions 

We feel that this kind of outreach program is relatively easy to set up; it's also fun, 
pertinent, and rewarding for all those involved. Our poster presentation will include information 
on how researchers can set up such a program at their own labs, and how teachers can utilize these 
programs. Basically, we feel that graduate students are the logical choice to be 'outreachers.' 

They will be the professors of the future, and the experience of setting up and running an 
educational outreach program should prove extremely useful (the ultimate test of learning is 
teaching). We also point out that today's graduate students are products of the educational system 
described in "A Nation at Risk" and "National Excellence." A graduate student leading an outreach 
program would represent a continuation of the learning process, a 'working example' to young 
students of the necessity of being a 'life-long learner.' For more information, please see our 
poster. 

References: [1] A Nation at Risk . National Commission on Excellence in Education (1983). [2] 
"Education of the Gifted and Talented" G.P.O. SuDocs # HE5.2:G36/2/Vl&2 (1971). [3] 
"National Excellence: A Case for Developing America's Talent” G.P.O. SuDocs # ED1.302:EX2 
(1993). [4,5,6] News articles about "National Excellence" all appearing on Nov. 5, 1993 from: 
the New York Times, Newsday, and the St. Louis Post Dispatch. 
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METAMORPHIC EFFECTS IN THE MATRICES OF C03 CHONDRITES: 
COMPOSITIONAL AND MINERALOGICAL VARIATIONS Adrian J. Brearley, Institute of 
Meteoritics, Department of Earth and Planetary Sciences, University of New Mexico, 
Albuquerque, New Mexico 87131. 

We are examing the mineralogical and compositional variations of fine-grained matrix 
through the petrologic sequence in the C03 chondrites to assess possible metamorphic models 
for these meteorites. We have measured the major and minor element compositions of matrix 
and rims by electron microprobe and studied the fine-scale mineralogy by transmission electron 
microscopy. Our data show that there are systematic, but complex, compositional trends in the 
matrices of these meteorites through the metamorphic sequence. The major elements, Mg and 
Fe, become progressively more equilibrated with increasing petrologic type and the matrices 
become progressively enriched in Mg and depleted in Fe. The behavior of the minor elements, 
Ti, Cr and Al, contrast markedly with Mg and Fe and become increasingly heterogeneous 
through the metamorphic sequence. 

Introduction. It has been recognised for several years that carbonaceous chondrites of the C03 
group define a metamorphic sequence, similar to that observed in the ordinary chondrites [1,2]. 
Scott and Jones [2] provided detailed petrologic subtypes for individual C03 chondrites and 
showed that ALH A77307 (3.0) and Isna (3.7) represent the least and most equilibrated members 
respectively. The detailed compositional variations in chondrule silicates reported by [2] and [3] 
provide support for the model that equilibration in these meteorites occurred by diffusional 
exchange, principally of Fe and Mg, between Mg-rich chondrules and Fe-rich matrix within a 
parent body environment. The compositional systematics observed in chondrules are now well 
understood, but the chemical and mineralogical changes which occur in the fine-grained matrix 
of these meteorites as a response to metamorphism are poorly understood. We have carried out a 
detailed study of the compositions and mineralogy of these meteorites to examine variations 
which may develop during metamorphism. These data will provide insights into how fine¬ 
grained matrix materials respond to metamorphism in terms of their textures, mineralogy and 
compositions and will ultimately test the model of in-situ parent body metamorphism. 

We have studied 3 C03 chondrites, Kainsaz (3.1), Ornans (3.3) and Warrenton (3.6), all 
falls, which span the range of degrees of equilibration found in this group. We have previously 
obtained data on the least equilibrated C03 chondrite, ALH A77307, for comparison [3]. Major 
and minor element compositions of fine-grained rims and matrix were measured by electron 
microprobe using a lOpm beam. These regions were then demounted from the thin sections and 
were studied by TEM techniques. 

Results. Our electron microprobe data show systematic trends in the composition of matrix 
through the metamorphic sequence. The observed trends are complex and the behavior of 
different elements is variable, demonstrating that the response of these elements to 
metamorphism is controlled by several variables. A comparison of data for a number of rims 
and bulk matrix from each meteorite, normalized to Si and Cl values, shows some of the major 
compositional variations which occur through the metamorphic sequence. The element ratio 
pattern for ALH A77307 shows strong depletions in Ca, Ti, Mg, Cr, Mn, and Na and a small 
depletion in S [3]. Al, K, Ni and Fe are all enriched. The element ratio patterns for Kainsaz are, 
in comparison, much flatter and the relative enrichments and depletions are smaller, with the 
exception of S, which shows a depletion 2 orders of magnitude larger than that for ALH 
A77307. Depletions of S of the same magnitude are also observed in Ornans and Warrenton. 
However, in general the patterns for these two meteorites are more fractionated than Kainsaz, 
with variable, but significant depletions in Ca, Na, K and Ni and an enrichment in Al. In 
moving through the metamorphic sequence, several points are clear: 1) there is a significant 
drop in the concentrations of S and Ni, 2) the Mg/Si ratios of matrix increase systematically 
through the metamorphic sequence, 3) the bulk Na/Si, K/Si, Ca/Si and Ni/Si ratios for 
individual rims become increasingly variable in the higher petrologic type chondrites, Ornans 
and Warrenton and 4) the unfractionated character of matrix in Kainsaz appears, in some 
respects, anomalous and requires further investigations. 
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The elemental variations observed in individual microprobe analyses for matrix and rims 
have also been examined in detail. These data provide some important additional insights into 
the response of matrix to increasing degrees of metamorphism. The major elements. Mg and Fe 
show a sensitive response to increasing degrees of metamorphism. In ALH A77307 the range of 
Fe/Si and Mg/Si ratios observed is large, but there is no correlation between these two elements, 
indicating that the matrix is not a simple two component mixture of Mg and Fe-bearing phases. 
Mineralogically this is certainly the case, as the matrix consists of a complex unequilibrated 
assemblage of olivines, pyroxenes, amorphous material, sulfides, oxides and iron nickel metal. In 
Kainsaz, the matrix clearly has a higher Mg/Si ratio than ALH A77307, but the spread in Fe/Si 
ratios is still large, although, unlike ALH A77307 the bulk of the analyses are much more 
strongly clustered. Like ALH A77307 there is no correlation between Mg and Fe. In the higher 
petrologic types, Ornans and Warrenton, the range of Fe/Si and Mg/Si ratios decreases 
dramatically and there is a clear movement of the matrices to progressively higher Mg/Si and 
lower Fe/Si ratios. In addition. Mg and Fe progressively develop a positive correlation, which is 
especially well-developed in Warrenton, indicating that the matrix mineralogy is much simpler 
in this meteorite. Indeed, TEM studies of the rims and matrix analysed by electron microprobe 
show that Warrenton matrix consists largely of fine-grained, equilibrated olivine with common, 


Mg, Al-bearing Cr spinel and accessory kamacite. 
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Although Mg and Fe show increased 
homogenization in matrix through the 
metamorphic sequence, this is not the case 
for other elements. Cr, Ti and Al show the 
reverse trend to those observed for Mg and 
Fe. In ALH A77307, the variation in Cr/Si, 
Ti/Si and Al/Si ratios is limited throughout 
matrix and rims, but increases 
progressively, such that in Warrenton all 
these elements are highly variable. In 
addition, Cr and Ti and Cr and Al become 
progressively better correlated. In ALH 
A77307 there is no correlation between 
these elements, whereas in Warrenton Cr 
shows positive correlations with both Ti 
and Al. Mineralogically, the correlation of 
Cr and Al must be the result of the 
presence of a significant amount of Al- 
bearing Cr spinel in rims and matrix. 
Discussion. The parent body metamorphic model for the C03 chondrites requires elemental mass 
transfer between a compositionally homogeneous matrix with heterogeneous chondrule and 
inclusion silicates. In the C03 chondrites the bulk of chondrules are Mg-rich varieties [1,2], 
which based on the data of [2] become progressively more Fe-rich as equilibration proceeds. Fe- 
Mg exchange between chondrules and matrix requires that the matrix becomes more Mg-rich, 
exactly what is observed in the C03 chondrites studied here. In addition, the data for chondrule 
silicates reported by [2] suggest that their compositions are equilibrating towards a composition 
of Fa 40 , exactly the compositions observed for rim olivines in Warrenton in this study. (For 
comparison [5] reported olivine compositions of Fa 4 g_jQ for Warrenton). All these data. are 
consistent with an in-situ metamorphic model for the C03 chondrites. The heterogeneities 
observed in the distribution of minor elements in the most equilibrated C03 chondrites requires 
further investigation, but may be the result of the local crystallization of discrete phases which 
contain elements such as Ti, Al and Cr, for example Mg-Al-bearing chromite in Warrenton 
matrix. Acknowledgments. Funding was provided by NASA grant NAGW-3347 to J.J. Papike. 
References. [1] McSween, H.Y. (1977) GCA 41, 477-491. [2] Scott, E.R.D. and Jones, R.H. 
(1990) GCA 54, 2485-2502. [3] Jones, R.H. (1993) 2853-2867 [4] Brearley, A.J. (1993) GCA 57, 
1521-1550. [5] Keller, L.P. and Buseck, P.R. (1990) GCA 54, 1155-1163. 
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MATRICES AnS R RIM? M a!T ™ t E D C03 , C H 0 NDR ITES: TRACE ELEMENT BEHAVIOR IN 
M *™v S RIMS ‘ Adnan J - Brearley 1 , Sa$a Bajt 2 - 3 - and Steve R. Sutton 2 - 3 institute of 

Meteontics, Department of Earth and Planetary Sciences, University of New Mexico 

Upton Ue NY ie | l 973 * 3 n CX f C ° /r 31 2D ? pt ' of Applied Sciences, Brookhaven National Laboratory’ 
pton, NY 11973. Dept, of Geophysical Sciences, University of Chicago, Chicago, IL 60637. Y 

the three CmchTndrh^ COnCe " trati ° DS ° f Ni ’ Cu ’ Zn ’ Ga ’ Ge and & in chondrule rims in 
chondrites Kainsaz, Ornans and Warrenton by SXRF microprobe to examine the 

wUh the Lt Z e Cm ® ntS duriI l 8 . metamorphic reequilibration. These data have been compared 
A77307 Qur rfS l compositions of rims in the least equilibrated C03 chondrite, ALH 
? . data sbow that ,n the ^ast metamorphosed chondrites, these elements are 
distributed relatively homogeneously within rims, but as petrologic type increases they become 
much more heterogeneous. The heterogeneity appears to be conSSSenTi^SSK 
crystallization of fine-grained matrix sulfides into larger grains. {progressive 

r!h*** Carb ?, , ? ace o us chondrites of the C03 group show a range of degrees of 
(ALH Whl a o defines a petn) logic sequence from petrologic type 3.0 

? - ? Pe y 0l L ° glC type 3 8 ( Isna ) [1.2]. We have undertaken a comprehensive study of 
the mineralogical and chemical changes which occur in the matrices of the C03 ciondrites in 

“ h " de :? d n e? , h °J i hi f ^Ponds during metamorpSmThese da" 

- 1 -m * I® 0d ? at metamorp hism occurred in situ, within a parent body and involved 
n tranSfCr between Fe-rich matrix and Mg-rich chondrules during metamoS 
C03 rhnn/t v h3V6 ^°” centrat . ed our studies on chondrule rims, which are abundant within the 
S r 3n u h3Ve Wldths between 20-100^im. In this study we have me Jure JI he 

synchroIronX r a n* *"“* e ' ementS Cu ’ Z "’ Ga ’ Ge and Se > and the minor element Ni by 
f . h ™ on *' ray fIu orescence microprobe at Brookhaven National Laboratory. V 

_££Mflu£Sx We have studied 3 C03 chondrites, Kainsaz (3.1), Ornans (3.3) and Warrenton (3 6 ) 
all falls, which span the range of degrees of equilibration found in this group Chondrules 
which are mantled by well-defined rims, were selected optically or by backscattered electron 

using 1 ^ 8 Warn helm min ° r Clement compositions were measured by electron microprobe 

to carboi ?EM arTd! Th. f^T" S T™ demounted from lhe thin sections and attached 
a^Ies L SXRF ^ co " cen ™'‘»" s «te then determined on the demounted 

microprobe data. 3 to 8 analyses we',e"c“^ 

^7“„r'bZ ,V After' SXRF k an n ,' h8 T* * “ -^ Al « 

. . t>eam. After SXRF analysis selected rims were ion milled and studied hv 

element^HaM e ec * ron microscopy • Thi s {Procedure enables us to obtain major, minor and trace 
eement data, as well as a complete mineralogical characterization, on the same areas of thp 

tts: rr^rritt?- sir of 

SaS h C03 e ° { fimS ^ ^ ,eaSt 

for comparison with the more equilibrated C03 meteorites. A L ' ' ' V—' ' 

pre lminary analysis of the data for Kainsaz, Ornans and _ n 0 

Warrenton shows that the behavior of trace elements through ° □ 0 —- 

the metamorphic sequence is extremely complex. However, in o O Rn 

general it is clear that the distribution of trace elements 1 ^ 

wit in the rims becomes significantly more heterogeneous f ° 

through the metamorphic sequence. The complex behavior is ” ■ a 

illustrated in Fig 1 ., a plot of Zn (ppm) vs Ni (wt%) for all ' ■ 

four meteorites. In ALH A77307 the data show a well-defined 

positively correlated array, which is not observed in any of * “ A no. i 

the other meteorites. The Kainsaz data show extreme °Jr ■ ‘ ■ ' ■ i ■ i ■ 
variability, with two populations, high and low Zn “w? ” 

respectively. Like the data for ALH A77307, Zn does appear to be positively correlated with 
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FIG. 2 


O 



S*S 

data appear to show a negative correlatioa w.th N Zlcllly. The behavior of Zn 

studied. Further analyses are required to define this correlation mo e y meteorites . 

and Ni in Ornans appears to be anomalous, or at "“Vew °' f ' he facl lhat 

SSssmSStm =r«wrAT=rss= 

by the Kamsaz^ Ga (ppm) „ 0e (ppm) wh ich emphasizes th e general observations made 

above. In ALH A77307, Ge shows a positive correlation with 1 ’ ' ' ' 

Ga Kainsaz shows two populations of data, also positive y 
correlated and Ornans data shows a highly restricted 
compositional range, but lies on the same trend as Kainsaz- 
The Warrenton data lie completely apart at high Ge and 
values, which may be negatively correlated. For Warrenton | 
the distribution of Ge is extremely heterogeneous. Of the 6 ^ 
analyses carried out 3 showed high concentrations, whereas 
data from the other 3 points were below detection limits. This 
is also true for Se in Warrenton and Kainsaz. Out ot 12 
analyses (6 from each meteorite) Se was only above detection 
limits in 3 points (2 for Kainsaz, 1 for Warrenton) an ^ in al j 

cases the concentrations of Se were between a factor o Gc (ppm) 

higher than in Ornans or ALH A77307. . ^nnHritpQ ic evidently 

isissHsi 

Kainsaz to a lesser Bo ^ and are disseminated 

or are below delec tionlimits. 

Jones , R .„. 

pi Bre^thls tol. 14, Brearley, A.J., Bajt, S. and Sutton S.R. 
LPS XXIV 187-188. [5] Brearley, A.J. (1993) GCA 57, 1521 1550. 
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PANCAKE DOMES ON VENUS AND THF SF AFT nnc- m t u • ^ t-* „ „ 

and Geography, University of Massachusetts™ her^AOl003 Pt ° fGe ° logy 

origin 6 d £ me ? 0n Venus m volcanic features of enigmatic 

7 Ton'i ^ “ ("hethtamTx“l£ d 0 P I8 

p?£££? “J# c Zl“^X eds of ™ fc “ oe *- ™y ° f which 

iP&lSlssP^ 

like Merest of theocean fkw 'ctadlL'w* ?* sea ^°" Peakes. they are probably basaltic 
pancake '“r”’ ^ V f usi “ 

form in the plate interior from hntSl,,, ,2 iV' Flnal| y. ! he se oceanic volcanoes either 

“¥r h “ 

ssress 

volatiles that drive^expire Smm'lS ? lso J nh,bit «* exsolntion of 

sS^SSsSSsSSS?^ 
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comparative study should result to a deeper understanding of the mysterious Venusian pancake 
domes. 


References q_ 10 4AS-13 478 ( 2 ) Fink, J.H. et al. (1993) 

(1) Pavri, B. et , al „ (1 i^TYj) Gardner’ J V and Normark, W.R. (1989) Proc. EEZ 
Geophys. Res. Lett ., 20 , 261 26 . ( ) Gard ’ ner j y (1992) Pub. Iss. Energy Marine 
Resources: Tech. Asses. Co n /-> , , Cpnnhxs Res 97 15,967-15,976. (6) Head, J.W. 

Geology. (5) McKenzie D et al. (199) . P y' ■ ’ Griffiths r .w. and Fink, J.H. 

and Wilson, L. (1986) J. Geophys Res ., 91 . 940^44^ w. and p in k, J.H. (1992) 7 . 
(1992) 7. Geophys Res 97 J. (1988) Tec Map N 

StoPac. SeanTta Eastern p j Ocean and HI, Voi. N of the Geo. ofNAmer.. GSA, Boulder, 



Figure 1: Gloria sonar image of pancake lava dome field north of Kauai, Hawaii. Image is about 



Figum 2: Map of toe distribution of 

Amies' Sn“alyMa, anomaly 31 - 68.5-69.5 Ma, anomaly 32 - 72-73.5 Ma, 
anomaly 33 ~ 75-80.5 Ma, anomaly 34 ~ < 84.5 Ma. 
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f ^ Ie ul e °1 the component having the most 14 n enriched nitrogen in lunar soil 12023 has been 
found to be affected by the presence of oxygen during stepped heating experiments. The results are 
consistent with this nitrogen, about 5% of the total being in an oxidisable phase. 

e characterisation of different nitrogen carriers remains a serious problem when attempting to 
determine the reason for the large (20-50%) variation of 5 ^n both within and between lunar 

ld ? S PUt f0rWard t0 explain observed changes are (i) a secular increase 
. ., of the soIar wir >d [1] and (n) a two or multi-component mixing of solar wind 

nid-ogen with a non-solar source(s) [2,3], such as indigenous lunar N [4], interstellar grains from 
primitive meteorites (5,6) and magnetospheric ions from the terrestrial atmosphere [7]. However 
wit e exception of the attempt by Brilliant et al. [6] to study an acid resistant residue, there have 
been few efforts to provide any "chemical" information about the nature of putative components. 
TTie best which has been offered to date is the observation that the part of the gas enriched in the 
N isotope is liberated at a lower temperature than the portion having more of the 14 N isotope- 
since the c °n c eptofthe higher temperature component being equated with fossil surfaces has long 

evaluated re< ^^ 5 ^ reCemly reconfirmed [8] and acknowledged [9], other ideas need to be 

In the current study, we have attempted to combine stepped pyrolysis and combustion to 
provide mformauon about the role of oxygen in nitrogen release which would allow inferences 
about the chemical nature of the carrier phases. High resolution (10°C and 25°C) extraction 
procedures were applied to an Apollo 12023 grain size separate of < 10 pm. Note that the small 
particle fraction was chosen to eliminate the true "volume correlated" component which is only 
released at temperatures above 1100°C when the sample melts. All samples were analysed with a 
static vacuum nitrogen mass spectrometer giving better than ± 0.2%o precision at picomole levels 

d ^ Cdy the iS0t0pic proflles for stepped combustion and stepped pyrolysis are 
™ k „ ab y dlfferent> P^olysis experiment showed a pronounced second minimum in 8 15 N at 
1050 C not seen at all in the combustion. A summary of the observations is given in the Table 
Pyrolysis shows there are two isotopically light components in the lunar soil 12023 one 
hereinafter called Nht) released at 1050°C, more "stable" than the other by around 150 - 200<>C 
The Nht earner is in this case at least 70%* depleted in 15 N relative t0 its companion and is 

re 8 nd ^, d ’ eSS Stable (combustible?) in the presence of oxygen. The other light N carrier released at 
~850°C (hereinafter Nmt), which is not apparently affected by oxygen, is much more abundant but 
unresolved from yet another component enriched in 15 N [8] which is even less stable 

arve U 9mor an t h P M 0lySiS (h ? nC k eforWard N LT>- On the basis of summing the N yields below and 

nitrogen) ° C 6 ^ ™ y 6 ** 10 PPm by Wt ° f the buIk SampIe (5% of the total 

For the purpose of investigating further Nht the component affected by 0 2 , we undertook a 
lg resolution examination of a sample by a dual pyrolysis and combustion method. Two slightly 
different approaches were employed. Firstly the sample was pyrolysed to a temperature (900oC) 

jjf ** ab T thC relea f ° f Nlt and Nmt; severaI combustion steps (at a fixed temperature 

, , 9 °° ° Ut ' SeCOnd,y ’ the sample was ste P Pyrolysed as before but at 

ween and 890 C the procedure was stopped, the extraction vessel cooled and a stepped 
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combustion begun from low temperature. Both experiments confirmed that release of Nht is 
enhanced by the presence of oxygen. In the first experiment the release of nitrogen which had been 
mndng at approximately 2ng/step, S^N ca. -20%c up to 900°C suddenly increased to 12.5 ng 
in the firs.900°C combustion. Once .he pyrolysis was resurn^.he amoun so 
nitrogen released dropped back to ca. lng/step and a minimum 515 N of -72% was cached at 
1050«C In the second type experiment, there was evidence for a peak in the stepped combust o 
nitrogen release at 700 - 725«C believed to be N HT ; blankcoitionsare bm*^eis 

good evidence from the data to suggest that N H t has a true 515N < -200%c. At high temperattffe 
fbove 860 - 890°C, the combustion resembled the resumed pyrolysis in the first type combination 
815N minima of -7 \%o and -&* » at 1050°C were observed ,n repeat analyses. 

A12023< 10|im Combustion* 1 ) A12023<10p.m Pyrolysis 

Total N abundance 215 ppm* 2 ) PP m 

Abundance <900°C 188.6ppm(2) 184.7ppm 

Abundance >900°C 26.5ppm 32.5ppm 

5l5Nbulk +15.5%o +l2A%c 

5 15 N maximum +141%o +136%. 

5 15 N minima -44%^790-810°C) ~ 26%0 (800-840°C) 

none observed_-93%. (1000-1050°C) J 

Footnotes' (1) Note that in both experiments the sample is combusted a number of times at 350°C to remove 
Lytluial contamination; the nitrogen released at 350°C is not accumulated as part of the y.eld. 

(2) One step lost, on the basis of steps before and after ca. 6 ppm could be added. 

Although we have now demonstrated that Nht. the lightest nitrogen in soil 12023, has a 
release which is facilitated by the presence of oxygen, we have hesitated from identifying the 
carrier as combustible which might imply carbonaceous. The analytical system we use or m ogen 
is able to obtain information on carbon and argon conjointly with the main element of interest. 
Although carbon measurements are afflicted by significant blank contributions, a release can be 
discerned coincident with the Nht- In both combination experiments however the C/N ratio canno 
could be much less. There is good evidence for a component of »Ar accompanying 

N %e nowhlw of two light nitrogen components (Nht and 

NMxTinTun- rego.ith samples. N h t has a lower 8 « than and ,s chermcally 

distinguishable, ie. affected by oxygen at a temperature as low as 700 • 725 C. If die earner o 

Nht is carbonaceous it does not have a high C/N; the existence of accompanying »Ar however 
corfd mean that Nht is of solar wind in origin. The difference in release charactenstics could be 
mineralogical eg Nht might be associated with finely-divided metallic iron. Future efforts will 
need to consider if Nht is present in ancient lunar breccias, and the Nmt/Nht ratio in such 

Rrferences" [l] Kerridge J.F. (1989), Science 245, 480-86; 12] Geiss J. and Bochsler ? (IM>. 
clZc^'^cl, 46. 529-48; [31 Kenidge J.F. ««(. (.992) ?roc. 

m Geiss 3. and BocLr P. 

Kerridge J.F. (1993), submitted for publication. 
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THE 15 N-RICH LOW TEMPERATURE NITROGEN COMPONENT IN LUNAR SOILS - 
AN AMMONIA RELATED SPECIES? D.R. Brilliant, A.D. Morse, J. Higgins, I.A. Franchi and 
C.T. Pillinger, Planetary Sciences Unit, Dept, of Earth Sciences, The Open University, Walton 
Hall, Milton Keynes MK7 6AA. 

In a companion abstract [1], we have discussed the use of a combination of stepped pyrolysis 
and stepped combustion to recognise that the most * 4 N-rich nitrogen (therein called Nht) 
representing about 5% of the total N in a very fine fraction of Apollo 12023 lunar soil is carried by 
a component which is oxidisable. By far the major portion of the nitrogen in the sample is released 
by pyrolysis at substantially lower temperatures than the oxidisable material. The release profile of 
the lower temperature gas and the trend in isotopic composition during extraction suggest that the 
most nitrogen is a mixture of two components. One of these, called Nlt because it is liberated at 
the lowest temperature, is enriched in I5 N; the other Nmt (medium temperature) is a 14 N carrier 
but not quite as depleted in the heavy isotope as Nht. Herein we discuss the 15 N-rich gas Nlt, 
considered by some investigators to be the most recently implanted modem solar wind, but for 
reasons given below possibly an ammonia related species. 

Details of the experiments performed on 12023, < 10|im grains have been given earlier [1]; the 
results in respect of Nlt and Nmt are as follows: Using either stepped combustion or pyrolysis, 
Nlt. the nitrogen enriched in 15 N, is already being evolved by heating at temperatures as low as 
350°C. It is difficult to be precise about how much comes off at 350°C because an essential part of 
the pyrolysis experiment involved repeated low temperature combustions to ensure the removal of 
terrestrial contamination. Once the experiment proper begins the isotopic composition of low 
temperature gas quickly rises to a maximum. We are reluctant to give absolute values for the 
highest 8 15 N and the temperature at which the maximum release is reached because the amounts of 
gas can be close to the initial blank. From experience, we are aware that the blank decreases as the 
experiment proceeds, our policy is therefore to correct yields using the nominal blank (always less 
than 30 picomoles) and 8 I5 N values, only when the gas liberated is more than a factor of 3 above 
perceived blank. We have not yet refined the errors on the results but it is quite clear that Nlt has a 
5 15 N > + 141%o and its release is enhanced by the combustion. Evidence supporting this idea is 
manifold from a, direct comparison of the combustion versus the pyrolysis experiments: (i) the 
5 15 N for Nlt is higher in the former, (ii) it is reached at a lower temperature, (iii) the nitrogen 
release pattern is broader and less peaked in the combustion and (iv) the latter has an obvious 
shoulder on its low temperature side. Perhaps the best evidence that Nlt is a carrier affected by 
oxygen is seen in the figure where 8 15 N is plotted against temperature over the interval where Nlt 
and Nmt are obviously mixing. The combustion mixing line is shifted by 50-75°C to lower 
temperature. N.B. this is not an artifact caused by the reduced release temperature of 14 N enriched 
Nht because this material is < 5% of the gas involved in the combustion and does not "bum" until 
725°C. The pyrolysis line in the figure is confirmed by the repeat dual pyrolysis/combustion 
experiments [1]. From the mixing lines in figure 1, we ought to be able to deconvolute the two 
component mixtures. However, it is fairly obvious, assuming that the two components have 
approximately guassian release, they are only just resolvable by the techniques we employ. 
Therefore any estimates of the abundance of Nlt and Nmt will be very dependant on the choice of 
8 15 N values for the end-members. A number of models are being considered. 

The recognition of Nlt as a component, whose release from lunar fines is enhanced by the 
presence of oxygen, is not consistent with Nlt being the most recently implanted solar wind. 
Whilst the absolute surfaces of lunar silicate grains are oxygen depleted by preferential 
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Comparison of heavy-light trend from high resolution 
combustion and pyrolysis of Apollo 12023<10pm. 
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sputtering [2], because solar wind accumulation is an equilibrium process (implantation balanced 
by erosion) the implanted atoms currently at the very surface are those earliest implanted [3]. We 
must therefore look for an alternative explanation. One which could fit our observations is that 
Nlt is ammonia or ammonium ions. The former could be produced analogous to methane [4] in 
lunar regolith materials. The possibility that the solar wind N and H may also react together to give 
NH 4 + which could substitute for metal cations in the silicate lattice, is appealing. It offers 
possibilities for the enhanced retention of nitrogen. 

Because of our hypothesis that Nlt in ammonia/ammonium, we have carried out preliminary 
investigation of CH 4 from lunar soil 10086 to compare its release characteristics under similar 
conditions to that used to study Nlt- There is good evidence to suggest that methane is liberated 
over the appropriate temperature range 400 -800°C. Moreover we believe that the carbon in 
methane is isotopically heavy; Chang et al. 1974 [5] suggest a 5 13 C of +15%c, our preliminary 
results are indicative of values of +60 %c. There are a number of ways such as preferential 
sputtering and preferential diffusion, whereby volatile ammonia could be 15 N enriched as a 
function of lunar regolith evolution. Such ideas will be explored qualitatively and quantitatively 
elsewhere. We need also to investigate ancient lunar breccias for the presence of an Nlt 
component. 

In this paper and its predecessor [1] we have given chemical evidence on the nature of two of 
the nitrogen carriers Nlt and Nht in a lunar soil. The remaining nitrogen earner Nmt appears to 
be chemically inert. By default Nmt may be solar wind elemental nitrogen implanted into silicate 
minerals 

References: [1] Brilliant D.R. et al. (1994) this volume. [2] Pillinger C.T. et al. (1976) EPSL 33, 289. [3] 
Pillinger C.T. el al. (1979) Rep. Prog. Phys. 42, 899. [4] Pillinger C.T. et al. (1972) Nature Phys. Sci. 235, 108. 
[5] Chang et al. (1974). Geochim Cosmochim. Acta 38, 853-72. 
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"SPACE WEATHERING" AND THE ORDINARY CHONDRITES. D.T. Britt 1 and B E Clark 2 (1) 
Lunar and Planetary Laboratory, University of Arizona, Tucson, AZ 85721 (2) McDonald Observatory, University 
of Texas at Austin, Austin, TX 78712. 

Introduction: The role of "space weathering" (broadly defined in this context as regolith processes that alter 
the reflectance spectra of surface material on atmosphereless bodies) in the controversy over the asteroidal source 
of the ordinary chondrite meteorites has been the subject of lively debate. There has been general agreement on a 
few points: (1) The spectra of the ordinary chondrites and the spectra of most S-class asteroids do not match [1]. 
The possible exceptions are the asteroids in Gaffey's S(TV) class which may be similar to some ordinary chondrites 
[2]. (2) That known regolith processes (shock, heating, melting, comminution, solar wind implantation, reduction 
ofFe 2+ ) do not alter ordinary chondrite spectra to the spectra of S-class asteroids [1,3,4]. This is not to say that 
space weathering does not alter the spectra of ordinary chondrites. We have samples of the surface material of 
ordinary chondrite asteroids. These are the dark matrix portions of the gas-rich ordinary chondrites, and, as their 
name implies, are all spectrally altered to a greater or lesser extent. This alteration consists of spectral darkening 
which lowers their reflectance and flattens their absorption features. Fanale and Clark illustrated the spectral 
effects of lunar "space weathering" and their relationship with S-asteroids and "unweathered" ordinary chondrites 
graphically in their 1993 LPSC abstract [5] using the parameters of spectral slope, depth of the 1.0 pm band, and 
albedo. It is useful to examine the observed spectral "weathering" of ordinary chondrites in the same format to 
understand the relationships (or lack thereof) between weathered ordinary chondrites, lunar material, the S- 
asteroids, and other asteroid classes. 

Method: In the near-IR wavelength range the most immediately apparent spectral features of ordinary 
chondrites and S-type asteroids are: (1) albedo or reflectance at 0.56 pm; (2) the slope of the continuum; and (3) 
the depth of the 1 pm absorption band. The continuum slope is calculated as a linear fit from peak to peak around 
the mafic mineral band. By convention, the continuum is removed from the spectrum before band center position 
identification by ratioing the entire spectrum to the continuum slope. The band center is the minimization of the 
derivative of a polynomial fit to the absorption band near 0.95 pm. The band depth is then measured from the 
continuum to the band center [3]. 

Discussion: Shown in Figure 1 is a plot of continuum slope vs band depth for mature and immature Lunar 
Mare Basalts, an average of 23 ordinary chondrite meteorites, an average of 39 S-asteroids, an average of 4 gas- 
rich ordinary chondrites, and an average of 5 black ordinary chondrites. Weathering processes move the spectra of 
lunar mare basalts from the immature zone in the lower center toward the upper left of the slope/band depth space. 
This spectral "weathering path" reflects the extremely strong reddening of the mature lunar spectra along with a 
shallowing of absorption bands. The spectral effect of "space weathering" on ordinary chondrites is different. In 
both gas-rich and black ordinary chondrites band depth and continuum slope decrease. In the case of the gas-rich 
ordinary chondrites the continuum slope becomes slightly blue. The overall effect is to move away from the 
slope/band depth space of S-type asteroids and to move at right angles to the weathering path of lunar material. 
Figure 2 shows a similar result in albedo/slope space. Once again the strong reddening of mature lunar material 
creates a spectral weathering path that goes from the left to right across the plot. In ordinary chondrites "space 
weathering" causes a reduction of both reflectance (albedo) and continuum slope. The spectral weathering path for 
this material is toward the lower left, again at right angles to the lunar case and away from the S-type asteroids. 
The slope/band depth/albedo parameters for an average of six C-type asteroids are also plotted in Figures 1 and 2. 
"Space weathering" in ordinary chondrites does move in the direction of the parameter space occupied by the C- 
asteroids. This is not to say that all C-type asteroids are ordinary chondrite parent bodies. What these plots show 
is that known "space weathering" processes, as exhibited by meteorites in our collections, darken and flatten the 
spectra of ordinary chondrites. These processes create a spectral weathering path that is different from the path of 
lunar material and would push large ordinary chondrite parent bodies with "mature" surfaces (if any exist) toward 
the spectra of C-type asteroids. This suggests that large ordinary chondrite parent bodies that have accumulated a 
thick regolith would have spectra more similar to C-type asteroids. The implication is that some large anhydrous 
C-type asteroids in the inner asteroid belt may be ordinary chondrite parent bodies with "mature" space weathered 
surfaces. 

Arguments against significant "space weathering" on large ordinary chondrite parent bodies: (1) There are 
no large ordinary chondrite parent bodies because they have been ground-down to small sizes by the collisional 
evolution of the inner asteroid belt [6]: The asteroids that have been observed with ordinary chondrite-like spectra 
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are uniformly small. These include the main belt asteroid 3628 1979 WD (diameter 7 km) and the NEA 1862 
Apollo (diameter 1.5 km). However, these are objects with very low gravity and short collisional lifetimes that are 
unlikely to develop or retain a regolith. The same collisional evolution process has allowed a number cf large 
inner-belt hydrated C-type asteroids to survive even thought they are thought to be composed of relatively weak 
aqueously altered materials. (2) Impact processes would strip-off weathered material and excavate fresh material: 
Recent hydrocode modeling suggests that impacts "shake" rather than strip asteroids and are likely to leave 
accumulated regolith soil intact [7]. The fresh material that is excavated by larger impacts would be subject to the 
weathering effects of micrometeorite bombardment which effectively saturates and weathers exposed material on 
the Lunar surface in 10 6 years. 

Conclusions: Spectral studies of gas-rich and shock-blackened ordinary chondrites show that space 
weathering processes darken and flatten ordinary chondrite spectra. This is a different spectral result then is seen 
in Lunar weathering processes. In spectral parameter space weathering drives ordinary chondrite spectra away 
from the parameters of S-asteroids and toward the parameters of C-asteroids. If large ordinary chondrite parent 
bodies have survived collisional evolution and can retain a regolith, their weathered spectral properties would 
suggest looking for them among anhydrous inner-asteroid belt C-type asteroids. 

References: [1] Clark B.E. (1993) Ph.D. Thesis. [2] Gaffey MJ. et al. (1993) Meteoritics 28, 161 [3] Bell 
JJ. and Keil K (1988) Proc . 18th Lunar Sci. Conf., 573. [4] Britt D.T. (1991) PhD. Thesis. [5] Fanale FP. and 
Clark BE. (1993) LPSC XXIV , 463. [6] Bell LF. et al. (1989) Asteroids //, 921. [7] Asphaug E. (1993) Personal 
Communication. 
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CAT MOUNTAIN: SPECTRA AND PETROLOGY OF AN L5 IMPACT-MELT BRECCIA. D.T. Britt 
and D.A. Kring. Lunar and Planetary Laboratory, University of Arizona, Tucson, AZ, 85721. 

Ihe Petrology of Cat Mountain: The Cat Mountain chondrite is an L5 impact melt breccia of rounded 
highly shocked clasts in an igneous melt matrix [1]. This stone was found near Tucson, Arizona in approximately 
1980-82 and was probably recovered within 24 hours after its fall [2]. It was identified as a meteorite in 1992. Cat 
Mountain is comprised of two lithologies: (1) shocked clasts of L5 material which represent relic fragments of the 
pie-impact asteroid and (2) a melt matrix surrounding the clasts which was produced by complete shock-melting of 
other portions of the asteroid. 

The Clast Phase: The shock processes that affected the clasts produced dikes of shock-comminuted and 
shock-melted material. The shock-comminuted silicates were reduced to micron-sized grains, some of which may 
not have any crystalline order. Silicate grains adjacent to the dikes have undulatory extinction, irregular fractures, 
multiple planar fractures (some with Fe,Ni-metal and sulfide fillings), or are recrystallized, all of which has 
reduced the size of uniform crystalline domains. Micron-sized metal and/or sulfide particles are disseminated 
throughout the dikes. Although veins containing larger crystals of Fe,Ni-metal and sulfides crosscut the clasts, and 
some metal-sulfide assemblages in chondrules were unaffected by shock processes, most opaque grains in the clasts 
are £1 Jim in size. Four point count lines were analyzed across the clast phase in thin section UA 159,4 to quantify 
the abundance and distribution of the opaque grains. The lines were separated by approximately 150 pm and 
points were counted every 30.5 pm. The total number of points was 1218 over an area of 16.7 mm 2 . Of these 
points 13.6% consisted of metal and sulfide phases. The size and particle distribution of these phases are 
summarized in Figure 1. In the count of points and particles the opaque population of the clast material is 
dominated by the smallest fraction. 

The Melt Phase: The silicate portion of the impact melt matrix surrounding the relic clasts is dominantly 
olivine and pyroxene, with grain sizes typically <50 |im, interspersed with a feldspathic mesostasis. Even though 
the melt matrix contains submillimeter-sized mineral clots, the size distribution of silicate crystals in the melt is 
more uniform than in unshocked L5 material, which has a bimodal distribution. In addition, there is less 
crystalline silicate material in the melt than in unshocked L5 material, because of the abundant (~10%) glassy 
mesostasis. In contrast, the metal and sulfide phases in the melt have a bimodal size distribution. Most particles 
are either <1 pm in diameter or have lengths that extend beyond 1 mm. In addition, the metals are concentrated in 
the larger particles while sulfides are concentrated in the smaller particles (excluding those £l pm in size, which 
are too small to accurately identify). Five point count lines were analyzed across the melt phase in thin section UA 
159,4. These lines were separated by approximately 300 pm with points every 30.5 pm. The total number of 
points was 3284 over an area of 129 mm 2 . A total of 12,7% of the points consisted of metal and sulfide phases. 
Shown in Figure 2 are the data from this point count series. The distribution of points is distinctly bimodal with 
similar peak at the smallest and largest size ranges. The number of particles shows a strong peak at the smallest 
size range but also shown a distinct hump in the 15-30 and 30-61 pm sizes. 

Reflectan ce Spectra: To link the meteorite's petrology with its reflectance spectra small samples of both the 
melt and clast phases were taken from areas immediately adjacent to the area sampled by thin section UA 159,4. 
These samples were ground to a particle size of <125 pm and bidirectional reflectance spectra over the wavelength 
range 0.3 to 2.6 pm were obtained using the RELAB facility at Brown University. Shown in Figure 3 are the 
reflectance spectra of the two phases of Cat Mountain. What is apparent are the very large differences in 
reflectance and band depth between the melt and clast phases. There is almost a factor of two difference in 
reflectance. The clast phase has a reflectance at 0.55 pm of 0.09 and the melt phase has a reflectance of 0.15. The 
difference in band depth at 1.0 pm is even greater with the clast phase having a very attenuated band of 6.7% and 
the melt phase having a depth of 17.5% which is a normal band depth for an ordinary chondrite. The spectrum of 
the clast phase with its low reflectance and flattened absorption features is typical for a highly shocked black 
chondrite, but the melt phase reflectance is much closer to what is normal for ordinary chondrites. The reflectance 
differences between these two phases are a consequence of the particle size differences in their opaque metal and 
sulfide grains. Small particle size opaques, particular those with diameters on the order of the wavelength of 
visible light have been shown to be very effective spectral darkening agents [3]. Both phases have approximately 
the same areal coverage of opaques, but the clast phase has 52% of its metal and sulfide areal coverage in the 
smallest size fraction against only 22% for the melt phase. This increase in the smallest sizes makes the same total 
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amount of opaques much mote effective as a spectral darkening agent. The result for the clast phase is more 
opaque pa rtic les per unit area, a much shorter average optical path length, greater absorption of photons, and, as 
we can see, a flatter and darker spectrum than the melt phase. 


Figure 1: Cat Mountain Clast Phase 
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Figure 2: Cat Mountain Melt Phase 


Reflectance spectra can also be 
used as a test for terrestrial weathering. 
The 0.5/0.6 |im ratio is very sensitive to 
weathering because the oxidation of the 
abundant iron in ordinary chondrites 
increases the absorptions in this 
wavelength range [4]. The 0.5/0.6 \m 
ratio of the clast phase in Cat Mountain 
is 0.96 which is the highest ratio that 
we have seen for a meteorite find. This 
ratio tends to confirm the theory that 
this meteorite was recovered within 24 
hours after its fall [2]. 

References: [1] Kring, D.A. 
(1993) LPS XXIV , 823. [2] Wlotzka, F. 
(1993) Meteoritics 28 , 693. [3] Britt, 
D.T. (1991) PhD. Thesis. [4] 
Salisbury, J.W. and Hunt, G.R. (1974) 
JGR79. 4439. 
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TECTONICS OF ARTEMIS CORONA, VENUS: IMPLICATIONS FOR FORMATION AND 
EVOLUTION 

C. David Brown and Robert E. Grimm, Dept, of Geology, Arizona State University, Tempe, AZ 85287-1404. 

Introduction. Artemis, the largest corona on Venus at 2600 km diameter, is a feature of particular interest due to 
the insight on the thermal and mechanical structure of the lithosphere provided by analysis of the presumed 
flexural topography on its margin. The processes responsible for the peripheral trench-outer rise system and the 
deformation in the corona interior are also relevant to the general nature of venusian tectonics. It is unlikely that 
Artemis can be completely explained by the standard corona evolution model of surface uplift by a plume or 
diapir, transition to a plateau, and eventual gravitational relaxation [1,2]. Elastic flexure modeling has shown the 
need for large applied bending moments, suggesting the presence of a subducted slab [3]. Inelastic flexure models 
require an inplane force an order of magnitude larger than that inferred from the geoid, a large moment, and a 
mantle rheology stronger than that measured for dry olivine in laboratory experiments [4,5]. The extreme 
conditions imposed by the models indicate that our understanding of the rheology, thermal state, and forces acting 
on the lithosphere is inaccurate, or the assumption that the topography is flexural and induced by subduction is in 
error. The present work concentrates on the interpretations of the geologic structures comprising the annulus and 
interior of Artemis, and their implications for the mechanisms responsible for the formation of the chasma and 
forebulge. This abstract focuses on Cl-MTDRP 30S135, although the conclusions encompass observations of most 
of Artemis. This study has relied on the Magellan cycles 1 and 2 synthetic aperture radar F- and Cl-MIDRPs, 
shaded relief images created by combining the left- and right-looking SAR images [6], and gridded altimetry data. 
A schematic map of the preliminary interpretations is illustrated in Figure 1; parenthesized letter callouts in the 
text denote locations of features that may not be visible in the Figure. 

Annulus Structures. The Artemis annulus includes structures formed by both shortening and extension [1], but 
folding is prevalent on the southeastern margin (A) [7]. Evidence for a compressional origin of the structures found 
in the chasma includes their sinusoidal cross-sections, continuity over -200 km, and tapered terminations as well 
as the absence of steep scarps and associated radar layover common to extensional features. Anastomosing graben 
are observed along the inner trench slope and corona rim (B), and may reflect gravitational sliding [7]. Horsts and 
graben on the outer trench slope, while ubiquitous at terrestrial subduction zones, are absent along most of the 
Artemis annulus. This observation might be explained by the influence of a large compressive inplane force. 
Radial fractures of unknown origin tend to correlate in density with the height of the outer rise (C). The identity of 
the structures in the trench north of the termination of folding (D) is ambiguous. Outer trench slope graben are 
found where annulus folding is absent (E). At its northern terminus (F) the Artemis annulus intersects a rift zone. 

Interior structures. The interior of Artemis is dominated by a northeast trending belt of deformation 
superimposed on smooth, unbroken volcanic plains (G). Interpretation of this unit in the context of shortening or 
extension is made difficult by structures characteristic of both modes of tectonics. Observations in favor of 
compression include imbricate thrust faults (II), a plunging anticline (I), tapered ridge terminations, sinusoidal and 
symmetrical cross sections of some ridges, >100 km length of some ridge-trough pairs, and convex outward 
arcuate fault scarps. The flat trough floors are similar to graben, but this is a result of infilling by lava. The high 
northeast edge of the deformation belt bows outward into the annulus (J); this shape and the presence of northwest 
oriented thrust faults is consistent with a compressional origin. The volcanism and low topography are typical of 
extensional regions; in addition, many flat-topped ridges resemble horsts and some scarps appear to be normal 
faults. However, it is generally easier to explain such structures as special cases of compressional deformation 
than to cast the evidence for shortening in terms of an extensional origin [8]. A structure that is especially difficult 
to explain with extension is a prominent fault scarp paired with a high, smooth ridge (K). A fine scale (-1 km) of 
deformation parallel to the ridge appears to result from the buckling of a thin surface layer. The length (-300 km), 
continuity, and splaying behavior of the scarp are characteristic of thrust faults. Features posed as possible fracture 
zones [9] are located within a "sub-corona” and may be associated with its formation rather than back-arc 
spreading in the whole of Artemis coupled with rollback subduction at the chasma. The geometry of two parallel 
shear zones (L) [9] is inconsistent with an Earth-like system of spreading ridges and transform faults. Shear zones 
like these are rare in Artemis, and a distributed form of spreading in the interior appears unlikely. 

Conclusions. The southeast limb of Artemis Chasma is distinguished by folding; this fold belt and the adjacent 
flexural topography possibly have a common origin in a large northwest directed inplane force. Difficulties with 
this model are that the magnitude of the required force greatly exceeds the predicted forces due to mantle flow 
coupling [10], and the trench-forebulge on the northeast and southwest limbs requires an alternative explanation. A 
compressional origin for the northeast trending interior deformation belt is favored. However, this interpretation is 
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difficult to reconcile with the low topography of the region; compression resulting from the collapse of the uplifted 
surface or local downwclling is a possible rationale. The amount of extensional strain in the interior is small 
relative to shortening, and insufficient to maintain back-arc spreading. The relative ages of the interior and 
annulus fold belts is not obvious; while the interior belt overthrusts the trench, the annulus folding generally 
appears more pristine than that of the northeastern portion of the interior deformation. Therefore an ancient 
episode of back-arc spreading coupled with peripheral rollback subduction seems improbable, and the annulus 
folding may be unrelated to the flexural topography. It is difficult to speculate on a model of origin for Artemis 
Chasma that is more consistent with all the observations, but it is anticipated that this analysis will aid the 
development of such a model. 

References. [1] Stofan E. R. et al. (1992), JGR, 97, 13,347. [2] Squyres S. W. et al. (1992), JGR, 97, 13,611. 
[3] Sandwell D. T. and Schubert G. (1992), JGR, 97, 16,069. [4] Brown C. D. and Grimm R. E. (1993), LPS, 
XXIV, 199. [5] Brown C. D. and Grimm R. E. (1993), Eos, 74, 378. [6] Kirk R. L. (1993), LPS, XXIV, 803. [7] 
Suppe J. and Connors C. (1992), JGR, 97, 13,545. [8] Pappalardo R. T. and Greeley R. (1993), JGR, submitted. 
[9] McKenzie et al. (1992), JGR, 97, 13,533. [10] Phillips R. J. (1990), JGR, 95, 1301. 
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Figure 1. Schematic map of Artemis Corona structural geology. Base image is a shaded relief composite of cycles 
1 and 2 Cl-MIDRPs 30S135 in an equidistant cylindrical projection. Map symbols are intended to represent the 
style of tectonics where drawn, and do not necessarily correspond to specific structures. 
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ALTERATION AND FORMATION OF RIMS ON THE CM PARENT BODY Lauren 
B. Browning 1 , Harry Y. McSween, Jr. 1 , and Michael Zolensky 2 , 1 Department of Geological 
Sciences, University of Tennessee, Knoxville, TN 37996-1410, 2 Solar System Exploration 
Division, NASA Johnson Space Center, Houston, TX 77058. 

All types of coarse-grained components in CM chondrites are surrounded by Fine-grained 
dust coatings [1], but the origin of these rims is not yet clear. Although a strictly nebular origin 
seems likely for rims in the relatively unaltered type 3 chondrites [2], the rims in CM chondrites 
are dominated by secondary alteration phases. It has been argued that either the coarse-grained 
cores accreted altered rim materials while still in the nebula Til or that alteration of primary rim 
phases occurred on the CM parent body [3]. To constrain the origin of alteration phases in rim 
material, we have analyzed the textures and mineral associations from 10 CM chondritic falls by 
optical and scanning electron microscopy. Our results indicate that the secondary phases in CM 
chondritic rims were produced by parent body fluid-rock interactions which redefined some 
primary rim textures and may have produced, in some cases, both coarse-grained components 
and the rims that surround them. 

Textural features demonstrate the interactive exchange of alteration fluids between rims, 
matrix, and chondrules on the CM parent body. For example, most matrix-rim contacts are 
gradational, suggesting the synchronous alteration of both components. Rim assemblages 
typically extend into matrix along multiple convoluted avenues and eventually merge with either 
surrounding matrix or nearby rims. This gradual coalescence of chondrule rims with different 
CM components is inconsistent with a nebular origin for secondary rim phases because it 
precludes a clastic origin for CM chondrites. In addition, we have identified several delicate rim 
extensions (<10 pm thick) that pond into immediately adjacent matrix and probably would not 
have survived impact and subsequent regolith gardening processes. Both types of rim extensions 
are most simply explained by the localized migration of precursor rim components in an aqueous 
medium. Transport of material during fluid-rock interactions on the CM parent body is also 
supported by documentation of both phyllosilicate veins that bridge chondrules to matrix and the 
breaching of chondrules by rim-like materials along fractures and within glassy mesostasis. 

Several observations suggest the possibility of in situ rim production. For example, 
tochilinite and phyllosilicates commonly form rims around matrix carbonates [4], which are 
generally believed to have precipitated from alteration fluids on the CM parent body [5]. This 
suggests that the rims surrounding matrix carbonates may also have been produced by alteration 
processes. In addition, tochilinite and phyllosilicates often coat the fractures and peripheries of 
individual olivine grains within chondrules (Figure 1). Rinds of hydrated Fe-oxides are observed 
on olivines in partially serpentinized terrestrial rocks [6], and it has been suggested that if sulfur 
is available in the alteration fluid, then sulfide rims may be formed around dissolving olivine in a 
similar manner [7]. Unfortunately, conditions favorable for the precipitation of tochilinite, a 
common S-bearing rim phase, are poorly constrained [8]. However, we observe 
pseudomorphing of chondrule silicates by tochilinite and serpentine, which indicates that S- 
bearing phases are important to some olivine dissolution reactions in CM chondrites. Outlines of 
internal fracture planes in completely pseudomorphed olivines are often delineated by 
concentrations of fine-grained pentlandite. 

Partially replaced chondrule olivines bear a striking resemblance to many rimmed 
olivines in the matrix which suggests, by analogy, that site-specific precipitation of S-bearing 
phases may also be responsible for the occurrence of many tochilinite-rich rims around isolated 




182 LPSCXXV 

CM CHONDRITES: Browning, L. B., McSween, H. Y., and Zolensky, M. 


matrix olivines. The presence of fine-grained rims around fragmented chondrules and isolated 
matrix olivines is nearly ubiquitous in CM chondrites, but rarely occurs in other chondrite classes 
f2]. We observe isolated olivine fragments in optic continuity which are separated by rinds of 
tochilinite; preservation of crystallographic orientation is consistent with the preferential, in situ 
precipitation of tochilinite-rich rim material at the surface of the dissolving olivine. 

Non-silicate rims precipitate around olivines of any composition, but the process is most 
effective for fayalitic olivines [7]. Most of the remaining olivines in CM chondrites are 
relatively Mg-rich, which suggests that the precipitation of S-bearing rims on olivines may not 
have been an important process in the aqueous alteration of CM chondrites, despite the evidence 
presented above. However, compositionally-zoned olivines with forsteritic cores and fayalitic 
rims have been observed in CM chondrites and are common in the less-altered chondrite classes 
|9], This suggests the possibility that tochilinite and Fe-rich serpentine rims observed around 
isolated matrix silicates in CM chondrites may reflect the preferential replacement of the outer 
fayalitic component of compositionally zoned olivines in CM chondrites. Although we 
currently have no explanation for the association of tochilinite with matrix carbonates, a nebular 
rim formation seems unlikely. 

We therefore conclude that: (1) precursor rim materials in CM chondrites were subjected 
to pervasive aqueous alteration on the CM parent body; and (2) textures and mineral associations 
observed in CM chondrites also suggest the possibility of in situ rim production . 

References: [1] Met/lcr K., Bishoff A., and Siofflcr D. (1992) Geochim. Cosmochim. Ada 56, 2873-2897. [21 
Rubin A. E. (1984) Geochim. Cosmochim. Ada 48, 1779-1789. (31 Brearley A. J. (1991) Meleorilics 26, 323. [4] 
Bunch T. E. and Chang S. (1980) Geochim. Cosmochim. Ada 44, 1543-1577. [5] Armstrong, J. T. cl al. (1982) 
Geochim. Cosmochim. Ada 46, 575-596. [6] Ramdohr P. (1967) N. Jh. Miner. Ahh. 107, 241-265. [7] Sicv er R. 
and Woodford N. (1979) Geochim. Cosmochim. Acta 43, 717-724. [8] Zolensky M. (1984) Meleoritics 19, 346-347. 
[9) Steele 1. M. (1986) Geochim. Cosmochim. Ada 50, 1379-1395. 



Figure i: Plane light photograph of tochilinite and phyllosilicates rimming partially altered 
olivine in a Murchison aggregate. 
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EUREKA!! AEROGEL CAPTURE OF METEOROIDS IN SPACE 

D.E. Brownlee 1 , F. Horz 2 , L. Hrubsch 3 , J.A.M. McDonnell 4 , P. Tsou 5 and J. 
Williams 6 [1] Dept, of Astronomy, Univ. of Washington, Seattle, WA 98195 [2] 
NASA Johnson Space Center, Houston, TX 77058, [3] L-322, Lawrence Livermore 
National Lab. 7000 E. Ave., Livermore, CA 94555, [4] Unit for Space Sciences, 
University of Kent at Canterbury, Kent CT2 7NR, U.K.,[5] 283-501, Jet Propulsion 
Lab, 4800 Oak Grove Dr., Pasadena CA 91109, [6] MST-7 E549, Los Alamos 
National Lab, Los Alamos, NM 87545 

Light gas gun studies have shown that 6 km/s solid mineral and glass test 
particles can be successively captured in 0.05 g cm' 3 aerogel without severe heating 
or fragmentation. In spite of this work, there has been uncertainty in the 
performance of aerogel for hypervelocity capture of real meteoroids. Natural 
impacts differ from simulations in that the particles are likely to be structurally 
weak and they typically impact at higher velocity that can be simulated in the 
laboratory. We are fortunate now to have had two successful capture experiments 
using aerogel exposed in space. These experiments provide fundamental data for 
the assessment of the value of silica aerogel for capture of hypervelocity meteoroids 
from spacecraft. The first experiment used 0.02 g cm- 3 aerogel flown on the lid of a 
Shuttle Get Away Special canister [1]. During its 9 day exposure, the 0.165 m 2 of 
aerogel in this Sample Return Experiment (SRE) captured two long "carrot-shaped" 
tracks and one highly fractured bowl shaped "crater". The second collection was 
with 0.04 m 2 of 0.05 g cm -3 aerogel exposed on ESA's Eureca freeflying spacecraft 
that was exposed for 11 months before recovery by the Shuttle. The Eureca aerogel 
exposure consisted of four 10cm X 10cm module trays that were part of the TiCCE 
meteoroid collector built by the University of Kent at Canterbury[2]. To date we 
have found ten "carrot-shaped" tracks and two "craters" on this experiment. The 
longest tracks in both exposures are over 2 mm long. 

The typical impacts on these experiments produced classic carrot shaped 
tracks that begin with entry holes as big as 100pm and taper to a point with a cone 
angle of only a few degrees. In every case the projectile can be clearly seen at the 
end of the track. Under low angle illumination the tracks can easily be located with 
a stereo microscope and the larger tracks can be seen with the naked eye with 
appropriate lighting. The first three tracks in the Eureca experiment were found 
with only 10 minutes of scanning. Unlike simulations, the carrot shaped tracks 
caused by true meteoroids show no obvious evidence of fracturing. This difference 
may be due to the higher speed of the natural impacts or differences in the aerogel. 
Even near the end of the tracks, where the projectiles have slowed down, there is no 
visual evidence of fracturing. The tracks are simply clean, hollow, carrot-shaped 
holes in the aerogel with a particle in the end. The particles are rounded objects 
with high reflectance. Few stratospheric IDPs are light colored and it is likely the 
apparent brightness of the captured particles as well as their rounded shape is due 
to a thin coating of compressed aerogel. Most of the larger projectiles have an 
apparent in-situ diameter of * 10pm, the size of particles expected for the 
[time]X[area] exposure product of the collectors. At their widest points, the cone 
shaped cavities are a order of magnitude wider than the projectile diameters and it 
is probable that the carrot width is determined by jetting at the projectile-aerogel 
interface, The cone angles and deviation from perfect cone shape vary between 
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tracks. It is likely that the track geometry can be used to estimate the velocity of 
non-fragmenting projectiles. The carrot walls are quite distinct and are 
presumably composed of either compressed or fused aerogel. The tracks are very 
straight and would provide a highly accurate record of the meteoroid trajectory if 
the orientation of the aerogel was known at the time of impact. Most of the carrot 
tracks are spectacular and simple features and there is no evidence that the 
projectile fragmented. In a few cases, however, one or more shorter tracks 
branch from the main carrot and are evidence for fragmentation. In these cases 
the secondary tracks are faint, short and only slightly deviate from the path of the 
bulk of the projectile mass. 

Two of the TiCCE modules had a 0.1pm Al film suspended a millimeter 
above the aerogel. On these modules several of the projectiles fragmented during 
passage through the film producing fields of carrot shaped tracks from the 
resulting miniature "meteor" shower. The smallest tracks seen in these 
clusters are only 20pm long and apparently were made submicron fragments. 
Most of the tracks in these showers have observable particles at their ends. 

One of the SRE impacts and two of the TiCCE impacts are essentially bowl 
shaped craters surrounded by extensive conchoidal fractures. These are 
remarkably different from the more common carrot-shaped tracks because they 
are shallow, large, surrounded large fracture zones and they retain no evidence 
of a surviving projectile. The biggest of these craters is 800pm in diameter, 8 
times the diameter of the largest track. Most of these craters are nearly two 
orders of magnitude larger than the most likely size of the largest projectiles 
expected to impact either experiment. TiCCE also contains an impact that 
appears to be a intermediate case between a carrot track and a crater. It could be 
considered either a short carrot or a deep crater. It is has a depth /diameter ratio 
of about 4 and it is surrounded by extensive fractures. The origin of these large, 
shallow and barren craters is a mystery. It is conceivable that they are either 
low velocity impacts or impacts of very high velocity or very fragile particles. 
Either low specific momentum or an explosion on impact might prevent deep 
penetration to form a carrot track. If crater formation results from abnormally 
high speed impact, this would imply that the threshold for crater formation is 
exceeded by only 20% of 10pm meteoroids. 

We have extracted one of the carrot track meteoroids and mounted it in 
epoxy for sectioning. We plan to present data on the TEM analyses of microtome 
sections of several samples at the meeting. This work will provide data on the 
composition of natural and space debris impacting spacecraft in low Earth orbit 
and will provide much needed information on the degree of alteration of bonafide 
meteoroids captured in low density aerogel. So far the examination of these 14 
impacts suggests that low density aerogel is a magic and higly effective media for 
intact capture of hypervelocity particles in space. Typical meteoroids travel « 100 
projectile diameters in the aerogel before stopping and it obvious that typical 
projectiles remain intact throughout their penetration. The tracks are easily 
found, there is no ambiguity in their distinction from artifacts and they clearly 
provide an excellent record of the particle trajectory. If velocity can indeed be 
determined from track geometry then this would provide a novel method of 
determining orbital parameters of collected particles. References: [1] Tsou, P. et 
al. LPSC XXIV, 1333, 1993, [2] McDonnell, J.A.M., LPSC XXV, 1994. 
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IDENTIFICATION AND ANALYSIS OF COMETARY IDP'S 

D.E. Brownlee, D.J. Joswiak, S.G. Love, Dept, of Astronomy, Univ. of 
Washington, Seattle, WA 98195, J.P. Bradley, MVA Inc., 5500 Oakbrook Parkway, 
Atlanta, GA 30093, A.O. Nier, D.J. Schlutter, Dept, of Physics, Univ of Minnesota, 
Minneapolis, MN, 55455 

The thermally stepped He release method of Nier and Schlutter[l] provides 
a powerful technique for distinguishing cometary IDPs from asteroidal ones in 
stratospheric collections. The thermal pulse method determines the temperature 
where most of the He is released from an IDP. This is related to the maximum 
temperature reached during atmospheric entry which in turn can be used to 
compute entry speed, a strong discriminator for cometary VS asteroidal origin. 
Before atmospheric entry, nanogram IDPs contain up to 1 cc(stp)g _1 of 4 He 
trapped in sites that is released at various temperatures ranging up to 1100 C. 
Laboratory heating tests on actual IDPs show that particles that were previously 
heated strongly retain only He that is released at high temperature while less 
strongly heated IDPs retain He released both at low and high temperature. The 
experiments indicate that the temperature where 50% of the total gas has been 
released provides a good determination of the maximum temperature reached 
during atmospheric entry over the 500-1000 °C range. 

We use the 50% release temperature to calculate the most probable entry 
speed using the new graph of (max temperature)/(velocity)/(diameter*density 
product) [2] computed from the Love entry code. Entry velocity is a strong 
discriminator between asteroidal and cometary origin for 10pm IDPs because 
most particles reaching the Earth by Poynting Robertson drag from the asteroid 
belt enter near 12 km/s while typical cometary IDPs have entry speeds above 15 
km/s[3]. With recognition of complicating factors such as unknown entry angle, 
shape factors and possible subliming components, we believe that the velocity 
measurements are adequate to distinguish typical comet IDPs from asteroidal 
ones. For 8pm IDPs entering at 45°, a 16 km/s cometary particle has a peak 
temperature 265 °C hotter than an asteroid IDP entering at 11.2 km/ s and a 
cometary IDP entering at 20 km/s is 470 C hotter. Although the absolute accuracy 
of the entry temperature measurement is yet to be established, the relative 
temperatures of fast and slow IDPs is believed to be accurate to * 100 °C. The 
identification of high speed cometary IDPs is the most straightforward because 
only high speed produces strong heating. Anomalously low heating can occur for 
rare low entry angles but no effect can produce anomalously high temperatures 
except high velocity. To accurately determine entry speeds it is critical that the 
density and mass of each must be accurately known. A factor of 3 error in density 
of a 10pm IDP produces a temperature error of 300 °C, the common temperature 
difference of comet and asteroid IDPs. 

We are conducting a project to analyze a large set of 5-10pm IDPs with 
origins identified with the stepped He release method. Particles are initially 
analyzed in the SEM and STEM to determine mass, density, elemental 
composition and morphology and their spectral reflectance is measured by the 
new technique described by Bradley et al [4]. The particles are subdivided with the 
microtome and a dozen 0.1pm slices are preserved for analysis after the bulk of 
the IDP is consumed in He analysis. We find that * 20% of randomly selected 
clOpm IDPs are cometary with much higher comet yields for particles selected on 
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the basis of high porosity and aggregate structure. We expect that study of these 
particles will provide criteria for identification of comet dust using other 
properties such as mineralogy, Zn depletion, magnetite formation . 

So far the highest velocity IDPs (15-21km/s) are fine grained porous 
anhydrous IDPs related to the pyroxene subclass. They all have high abundance 
of rounded subunits that are composed of glass surrounding <100 nm FeNi metal 
and sulfide spheroids. These exotic highly reduced submicron components 
appear to have been the major particulate in the region where comets formed. 

The comet IDPs also contain the full range of minerals that have been previously 
described in the Px subclass. One 20 km/s comet particle contains rare CAI's 
composed of anorthite and melilite implying that these objects must have existed 
in the outer solar system. The comet particles have low albedos with spectral 
reflectances similar to C asteroids although the "best" comet IDPs have been 
heated above 800 °C during entry and their reflectance properties may have been 
modified. So far no hydrated comet particles have been identified. 

We believe that this work will provide intimate details on the properties of 
materials that accreted into comets in the outer regions of the solar nebula. We 
stress however that that this work compliments but in no way replaces or detracts 
from future missions to comets. The collected IDP comet samples are fabulous 
but they are <10pm and were heated above 600°C during atmosphere entry. 
References: [1] A.O Nier and D.Schlutter, Meteoritics 28, 675, 1993 [2] S. Love and 
D.E. Brownlee, Meteoritics in press 1994. [3] H. Zook and A. Jackson, ICARUS 97, 
70,1992 [4] J.P. Bradley, D.E. Brownlee and L. Keller LPSC XXV 1994. 

The figure is cometary dust particle U2012 ClI(SEM-left; BSE of section-right). It has a mass of 
0.65 ng, a density of 1.8glee, it was heated to 980 °C during atmospheric entry, it contained 0.13 cc/g 
of He and it entered the atmosphere at 19 km/s. Its spectral reflectance is shown compared to other 
cometary IDPs. 
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CONSIDERATIONS FOR PLANETARY GAMMA-RAY SPECTROSCOPY OF THE SURFACE OF 
MERCURY; J. Bruckner, U. Fabian, M. Wieder, Max-Planck-Institut f. Chemie, Mainz, Germany. 

To approach basic scientific questions on the origin of Mercury one needs data on its bulk chemical composi¬ 
tion, which can be infered from the elemental composition of the planet’s surface. Planetary gamma-ray spec¬ 
troscopy is a very capable tool to explore the surface of Mercury from an orbiting spacecraft. The gamma rays emit¬ 
ted from the surface carry information on the composition of the surface and the measured gamma-ray data can be 
used to derive the elemental concentration of many elements present in the surface. A germanium detector would be 
the best choice for these tasks, provided the problem of cooling can be solved in near future. Otherwise, the usage 
of suitable scintillation detectors has to be considered. In any case, sufficient information will be obtained to con¬ 
tribute substantially to the exploration of Mercury. 

Planetary gamma-ray spectroscopy is considered as a key technique for the exploration of a planet. A gamma- 
ray spectrometer was on board of the lost Mars Observer spacecraft [1]. NASA is planning on a second mission to 
Mars and a gamma-ray spectrometer will be on board, again. Currently, the European Space Agency (ESA) is study¬ 
ing a mission to the planet Mercury and among the primary payload a gamma-ray spectrometer is listed. 

Little is known about the planet Mercury, since terrestrial observations are very difficult because of the close 
proximity to the sun and, secondly, so far only one spacecraft. Mariner 10, visited Mercury in three fly-bys. From 
this visit the high density (5.4 g/cm 3 ) of Mercury was confirmed, which emphasised the puzzle, that Mercury is too 
heavy compared to the volume and weight of other terrestrial planets. One plausible assumption is, that Mercury 
contains a large core (about 70 % metallic phase) and a relatively small mantle (30 % silicate phase). By using the 
tracking data of an orbiting spacecraft one could measure higher-order terms of the gravitational potential and derive 
the core size and density distribution. If one could measure the elemental composition of Mercury’s surface, a dis¬ 
tinction of scenarios of the ancient history of Mercury could be done. 

One scenario would be that due to unspecified processes the iron/silicon ratio in the feeding zones of Mercury 
was changed. However, about a fivefold increase of the Fe/Si ratio is required to account for an iron core of the size 
needed. One could speculate that in the proximity of the sun the conditions were highly reducing so that other ele¬ 
ments like silicon would become metallic and hence contributing to the core phase. As a consequence the Mercury 
mantle and crust should contain only very little FeO. The elemental composition of the surface should mirror this 
kind of scenario. An other hypothesis assumes that the accretion of Mercury was similar to other terrestrial planets. 
Later, Mercury suffered from giant impacts leading to the loss of a substantial portion of the mantle. Also, this 
would be reflected in the composition of its surface [2]. 

The average potassium/uranium ratio of the Mercury surface would show if this ratio would decreases with 
decreasing distance from Sun; e. g. Mars has K/U = 19000 and Earth 11000 [3]. These features can only be revealed 
by determining the elemental composition of the Mercury surface. 

Since Mercury has no atmosphere and only a very weak magnetic field the energetic galactic cosmic rays are 
permanently bombarding its surface. The resulting interactions of the particles with matter are the main sources of 
gamma rays. Since the production process of secondary particles is very complex, the major portion of the gamma 
rays belongs to an continuum, a rather featureless distribution of gamma-ray energies spread over a range from 
about several 10 MeV down to tens of keV. The production of secondary neutrons provides typical reactions inside 
the surface that result from (n.ny) scattering reactions and (n,y) capture reactions of fast and thermal neutrons, 
respectively. These two neutron-induced reactions are a major source for the production of discrete-energy gamma 
rays that carry information about the nucleus which emitted them. These gamma rays are diagnostic for the compo¬ 
sition of the surface material and can be used as an analytical tool. Their specific very sharp energies are used for the 
identification of the nuclei, i. e. the elements present in the surface, while their intensities reflect the concentration 
of the elements, i. e. qualitative and quantitative analysis of the planetary surface is possible. The former can be 
done successfully by using high-resolution gamma-ray detectors, such as high-purity germanium detectors [4], 

The Mercury Orbiter of ESA has as primary objectives four instruments: magnetometer, imaging camera, 
gamma-ray spectrometer, and plasma ion sensor. The spacecraft that has to withstand the strenuous thermal envi¬ 
ronment (up to 25 W/m^) of the Mercury orbit, will be a spin-stabilized design. The orbit that has to fulfill 
requests from all instruments will be polar elliptical with a periherm of 200 to 300 km and an apherm of 15000 to 
20000 km. This orbit ensures good surface coverage at low altitude for remote sensing and at high altitude for mag- 
netospheric/plasma measurements. The nominal mission will last three Mercury years (263 terrestrial days). 

The gamma-ray measurements have to take into account the omni-directional response of the spectrometer and a 
varying field of view. Since the gamma-ray production in the surface is depth dependent, a self-collimation of the 
gamma rays restricts the effective field of view as a function of the altitude of the spacecraft. A footprint (or pixel) 
can be defined as an area on the planet, where 80 % of the radiation originates. Depending on the altitude of the 
spacecraft the finite size of the planet shrinks the size of the footprint. In its polar orbit, the spacecraft flies over the 
same footprint at the equator only four times during the nominal mission, except for the polar regions. After each 
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orbital period (about 13 hours), the planet will be rotated by 3° at the equator, which provides sufficient overlap of 
adjacent footprints. The gamma-ray spectrometer will make short measurements (20 to 60 sec) over each footprint 
During each orbit the spacecraft will fly below 1200 km altitude for about 1/2 hour, i. e. the solid angle under 
which the planet appears is more than tc/ 2. Approaching and leaving the planet will provide some additional time of 
measurements, but, with a smaller solid angle. During the encounter phase (periherm passage), the data will be 
stored on board. Afterwards, in the remaining 10 hours (apherm passage), the data will be downlinked to Earth at a 
low bit rate. On Earth, the individual spectra together with the position of the spacecraft will be stored in a data 
base to permit summing of the spectra according to selected criteria. In the beginning of the mission, one can sum 
spectra of large regions, only, to get good statistics; later on, smaller and smaller regions will be spatially resolved. 
One straight-forward approach would be to add all spectra measured at a given latitude band and subdivide the bands 
in smaller areas. 

Taking into consideration the given elliptical polar orbit and the given orientation of the spacecraft spin axis, 
an estimation of the expected planetary gamma-ray flux at the spacecraft and the resulting counting time per surface 
pixel was accomplished. First, the calculated gamma-ray fluxes from the Moon were taken as a preliminary flux 
estimation, since Mercury is a very dry body [5]. Second, we used data from our 'Simulation Experiments for 
Planetary Gamma-Ray Spectroscopy [6]' and scaled the measured gamma-ray continuum, accordingly. Combining 
the lunar gamma-ray fluxes with the experimentally determined continuum we derived the necessary counting time 
to achieve an analysis for a given error. The estimation of the counting time for one footprint (for a given altitude) 
can be seen in Table 1. 

One has to keep in mind that the gamma rays are produced in the upper meter of the surface, while due to 
attenuation only gamma rays that originate from depths down to 40 cm have a change to escape the surface without 
scattering. In this respect, gamma-ray spectroscopy provides the only known tool to sample several centimetres of 
surface in contrast to x-rays, which provide information of the upper micrometer, only. 

To achieve excellent measurements of the Mercury gamma-rays, a high-purity germanium (HPGe) detector is 
considered to be the best option. The advantage of a HPGe detector system is based on its excellent energy-resolu¬ 
tion, which facilitates the evaluation of the measured spectra, tremendously. The disadvantages of a HPGe system 
are: the Ge crystal has to be cooled down to temperatures below 115 K; the Ge crystal is subject to radiation damage 
induced by cosmic-ray particles or by strong solar flares. If the Ge crystal can be kept below 90 K, one year of good 
performance can be achieved, provided no strong solar flares occurred, otherwise, the energy resolution can degrade 
so much that removal of the damage is necessary. This can be done by heating the crystal up to temperatures of 
100°C for several hours to obtain the original energy resolution, again [7]. Cooling in the Mercury orbit can only 
be done by using an active cooling device, such as a Stirling cooler. Right now, it seems that Stirling coolers are 
not suitable for such a mission (they are either too heavy or need too much power, besides vibrational problems); 
but, given five years of further development, a spaceproof light-weight Stirling cooler seems to be achievable. 
Therefore, the option for a HPGe gamma-ray spectrometer can be kept open. In case a suitable Stirling cooler will 
not be available, a scintillation detector, such as Nal or Csl, could be used since they need no cooling. Of course, 
their energy resolution is much worse compared to HPGe detectors and puts severe restrictions on the evaluation of 

the accumulated spectra. 

References: [1] Boynton W. V., et al. 
(1992), J. Geophys. Res., 97, No. E5, 7681. 

[2] Cameron A. G. W. (1988), in Mercury, ed. 
Vilas et al.,Univ. Press, Tucson, pp. 692. 

[3] Wanke H. and G. Dreibus (1988), Phil. 
Trans. R. Soc. Lond. A 325, 545. 

[4] Bruckner J. et al. (1987), Proc. 17th Lunar 
Planet. Sci. Conf., Part 2, J. Geophys. Res. 
92. B4, E603. [5] Reedy (1978), Proc. Lunar 
Planet. Sci. Conf. 9th, Geochim. Cosmochim. 
Acta, Suppl. 10, 2961. [6] Bruckner J., et al. 
(1992), Lunar Planet. Science XXIII, Houston, 
169. [7] BrUckner J. et al. (1991), IEEE Trans. 
Nucl. Sci., 38, No. 2, 209. 
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Table 1: Counting times for one pixel at a spacecraft altitude 
of 400 km. 
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LAVA FLOW RHEOLOGY: A COMPARISON OF DATA AND THEORY; B.C. Bruno 1 , 
S.M. Baloga 2 , GJ. Taylor 1 and MJ. Tatsumura 1 ^Planetary Geosciences, Dept of Geology and 
Geophysics, University of Hawaii, Honolulu, HI 96822; 2 Jet Propulsion Laboratory, California 
Institute of Technology, MS 183-601, Pasadena, CA 91109). 

This work involves testing a fluid dynamic model of lava flow emplacement by comparing its 
predictions against measurements obtained from field and photographic studies of terrestrial 
flows. This model determines changes in flow thickness and width with distance from the source 
of the flow for different rheological characteristics based on known or assumed initial 
parameters. Consequently, these results may be used to infer downstream changes in rheology of 
unconfined flows from the width and/or thickness of the deposits. Thus, this work can be useful 
in the study of planetary lavas from photographs and other images. 


Theory: The Model & T he Solution. ... 

In [1], we find an exact analytic solution for unconfined flows with an arbitrary power-law 
rheology advancing on an inclined plane. Based on earlier work [2,3], we consider flow 
movement to be the result of both gravitational transport and hydrostatic pressure, and we 
examine how these forces combine to drive flow movement in the downstream (x) and cross- 
stream (y) directions by adopting a volume conservation approach. Simplifying assumptions 
reduce the equation to the dimensionless form: 

dh 






where h is flow thickness, and a = a(x) and m are prescribed by the rheology of the fluid. Smith 
[4] solved this equation analytically for a Newtonian fluid (m=3) with a constant rheology 
(a=l/3u, where u=viscosity) using a similarity transformation. By invoking additional 
transformations of the dependent and independent variables, we use this same approach to obtain 
an analytic solution for flows of arbitrary rheology (i.e., arbitrary m and a). The parameter a is 
unknown and must be modeled; endmember approximations include constant a, linearly 
decreasing a, and exponentially decreasing a. These choices for a are somewhat arbitrary, but 
based on our knowledge that, at least for Newtonian flows, a is inversely related to u. 


Data . 

We conducted field studies of 5 basaltic flows on Kilauea volcano. We measured 
longitudinal profiles of flow thickness and width. Flows are individual pahoehoe breakouts, with 
lengths ranging from 0.6 -5m from the point of breakout. Over this length, u (and thus a) is 
assumed constant. We also measured longitudinal width profiles of 4 basaltic flows (alkali basalt 
to basaltic andesite) from aerial photographs and other images. As flow lengths ranged from 2 - 
8 km, we can not assume constant u. 


Results: Data vs. Theory . 

1) Basaltic lava flows have m~ 1 - 2. Fig. 1 shows a comparison of longitudinal width 
profiles of sample field data and model predictions, assuming constant rheology. These field 
data are well approximated by the constant viscosity model, for m between 1 and 2. 

2) Model predicts downstream viscosity increases of 2 - 3 orders of magnitude. Using m 
values of 1 and 2, we ran the model for endmember approximations of a. The best fits of the 
model to sample photographic data are shown for constant a (Fig. 2), linear a (Fig. 3) and 
exponential a (Fig. 4). In Fig. 2, the data are inconsistent with the model's predictions, indicating 
non-constant a. Instead, the data are better approximated by linearly or exponentially decreasing 
a. The downstream u increases corresponding to the model predictions shown in Fig. 3 and 4 are 
two and three orders of magnitude, respectively, over a distance of 4 km. The reasonableness of 
these values [e.g., 5] attests to the validity of this model. 
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Fig. 1 . Plots of half-width 
w(x), based on field data 
(+) of (a) ropy pahoehoe 
and (b) pahoehoe toe. Also 
shown are the model's 
predictions for constant a 
for m=l/2, 1, 2, 3 (bottom 
to top). The data in (a) and 
(b) both lie between m=l 
and m=2. 

Fig. 2 . Plots of half-width 
w(x), based on photo data 
(+) of (a) basaltic andesite 
and (b) alkali basalt. Also 
shown are the model's 
predictions for constant a 
for m=l (bottom curve) and 
m=2 (top curve). This 
constant a model does not 
appear to fit the data well. 

Fig. 3 . Plots of half-width 
w(x), based on photo data 
(+) of (a) basaltic andesite 
and (b) alkali basalt. Also 
shown are the model's 
predictions for linear a for 
m=l (bottom curve) and 
m=2 (top curve). The 
corresponding downstream 
x> increase is approximately 

2 orders of magnitude. 

Fig. 4 . Plots of half-width 
w(x), based on photo data 
(+) of (a) basaltic andesite 
and (b) alkali basalt. Also 
shown are the model's 
predictions for exponential 
a for m=l (bottom curve) 
and m=2 (top curve). The 
corresponding downstream 
o increase is approximately 

3 orders of magnitude. 
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References . (1) Bruno, B.C. et al. (1993), IAVCEI Abstracts 1993, pp. 13. (2) Baloga, S. 
and D. Pieri (1986), JGR 91, 9543-52. (3) Baloga, S. (1987), JGR 92, 9271-79. (4) Smith, 
P. (1973), JFM 58, 275-88. (5) Fink, J. and J. Zunbelman (1990), In Lava flows and domes. 
Emplacement mechanisms and hazard implications (J. Fink, ed.), pp. 157-173. 
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VENUS CLIMATE STABILITY AND VOLCANIC RESURFACING 
RATES M. A. Bullock, D. H. Grinspoon, University of Colorado, Laboratory for 
Atmospheric and Space Physics and the Department of Astrophysical, Planetary and 
Atmospheric Sciences, Boulder, CO 80309, and J.B. Pollack, NASA Ames Research 
Center, M/S 245-3, Moffett Field, CA 94035 


The climate of Venus is to a large degree controlled by the radiative properties of its massive 
atmosphere. In addition, outgassing due to volcanic activity, exospheric escape processes, and 
surface/atmosphere interactions may all be important in moderating the abundances of 
atmospheric CO 2 and other volatiles. Before the return of detailed radar Images of Venus’ 
surface by the Magellan spacecraft, estimates of the magnitude of volcanic source terms were 
relatively unconstrained. Recent work on the interpretation of the impact cratering record as 
revealed by Magellan, however, have placed some plausible limits on the magnitude of the 
volcanic flux [1] [2] [3]. In addition, the high temperatures and pressures at the surface of Venus 
have led to the suggestion that heterogeneous reactions between surface minerals and the 
atmosphere may play an important role in buffering CO 2 and other volatiles [4], For example, 
Fegley and Treiman [5] have shown that the surface temperature and pressure on Venus coincide 
approximately with the P-T equilibrium of the calcite-wollastonite mineral reaction. If this is 
the case, perturbations to the atmospheric inventory of radiatively active species, caused by 
volcanic eruptions, may have a significant impact on the climate of Venus and upon the stability 
of the greenhouse effect. For example, it appears that a small increase in atmospheric CO 2 would 
increase the magnitude of the greenhouse effect, and at the same time shift the calcite- 
wollastonite mineral equilibrium to one of both a higher temperature and pressure. In this way, 
the buffering effect of the surface mineral equilibrium can produce an important feedback on the 
greenhouse effect. 

We have developed an evolutionary climate model for Venus using a systems approach that 
emphasizes feedbacks between elements in the climate system. Modules for atmospheric 
radiative transfer, surface/atmosphere interactions, tropospheric chemistry, and exospheric 
escape processes have so far been developed. Climate feedback loops result from 
interconnections between modules, in the form of the environmental parameters pressure, 
temperature, and atmospheric mixing ratios. The radiative transfer module has been 
implemented by using Rosseland mean opacities in a one dimensional grey radiative-convective 
model. The model has been solved for the static (time independent) case to determine climate 
equilibrium points. The dynamics of the model have also been explored by employing 
reaction/diffusion kinetics for possible surface atmosphere heterogeneous reactions over 
geologic timescales. It was found that under current conditions, the model predicts that the 
climate of Venus is at or near an unstable equilibrium point. Without sources, the 
surface/atmosphere system spontaneously evolves to a cooler, lower pressure state. Assuming 
that surface carbon and sulfur reservoirs are active, a single volcanic event involving an 
eruption approximately the size that created the Deccan traps on Earth is sufficient to 
precipitate a climate catastrophe towards a state of higher surface pressure and temperature. 
Finally, the effects of constant rate volcanism and corresponding exsolution of volatiles on the 
stability of the climate model were also explored. Average terrestrial lava abundances of about 
200 ppm were assumed for SO 2 , and a lower limit of 50 ppm was considered for H 2 O. The 
exospheric escape of H 2 0 was modeled as a diffusion limited process in which the escape rate is 
uniquely determined by the abundance and a time constant. Current estimates of hydrogen 
escape rates place the time constant against escape at about 160 m.y. [6]. By including the 
constant source and exospheric escape terms in the dynamics of the model, we determined that 
an injection rate of 3 x 10 13 g each of H 2 O and SO 2 per year would be sufficient to keep the 
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current climate in a steady state close to the present point of unstable equilibrium. Using the 
assumption of volatile abundances described above, this amounts to an upper bound on the 
yearly volcanic flux of about 18 km 3 , approximately the rate associated with the formation of 
large igneous provinces on the earth. 




Figure 1. Climate Model Summary. Figure 2. Mineral equilibria and radiaUve 

equilibrium curves for surface pressures 
and temperatures. 


References: [1] Bullock, M.A. et al. (1993) GRL 20, 2147. [2] Schaber, G.G. et al. (1992) 
JGR 97, 13,257. [3] Phillips, R.J. et al., (1992) JGR 97, 15,923. [4] Urey, H.C. The Planets 
(1952). [5] Fegley, B. and A.H. Treiman, (1991 )Proceedings of the Chapman Conference of 
Comparative Study of Venus and Mars. [6] Grinspoon, D.H., and J.S. Lewis (1988) Icarus 74, 21. 
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Modified lava domes on Venus; Bulmer MH, Guest JE (Univ. London Obs. 

NW7 2QS, UK) 

During the early stages of the Magellan mission an edifice with scalloped margins was seen situated to 
the north of Alpha Regio (18.1°S, 5.5°E), whose origin was enigmatic and was thought to have no terrestrial 
analogue. As more data were examined other edifices with scalloped margins were identified. The radar 
characteristics and morphologies of many of these edifices were noted to be similar to volcanic domes and fell 
within a spectrum ranging from unmodified to remnant forms. Many modified domes had deposits associated 
with them that possessed a range of radar and morphologic characteristics indicative of landslide deposits. Large 
amphitheatres on the flanks of some domes indicated that large scale collapses had occurred. Other domes showed 
coalesced scallops giving a stellate plan form. Based on the characteristic margins, the edifices were termed 
scalloped margin domes 1 . 

An extensive database has been compiled from a global survey of volcanic domes on Venus. It 
incorporates information on morphologic and morphometric aspects of domes and large landslide phenomena 
associated with them. The survey identifies that volcanic domes are more common than suggested in a previous 
study 2 . Over 320 domes have been located of which over 80% had modified morphologies. A strictly descriptive 
classification scheme using the form of the upper surface, the planimctric form and the presence of associated 
deposits was devised, that allowed comparison between dome morphologies. Broadly the modified domes could 
be described by five groups with different characteristics that appeared to have evolved from three unmodified 
dome sub-categories (figure 1). 

Dome diameters range from < 10 km to 120 km, the majority being between 10 km and 35 km. 
Domes with diameters greater than 70 km tend to be comprised of several superposed or coalesced domes whose 
margins are often indistinguishable. Modified domes have heights ranging from 0.4 km to 5.8 km. The mean 
height is 1.3 km which is 970 m higher than the mean for terrestrial subacrial domes. The distribution of domes 
as a function of altitude shows that they range from 6050.4 km to 6054.7 km mpr. The majority are located 
between 6051.0 km and 6052.0 km mpr very close to the mean planetary radius. 

Volcanic domes are present over the majority of the surface of the planet though few domes are located 
in the highlands of Ishtar Terra, Aphrodite Terra and Lada Terra where a general absence of small volcanoes was 
noted. The lowest areas of the plains are also devoid of domes. An examination of the association of volcanic 
domes with other geological features revealed 50 % occur in plains. A total of 31 % of modified domes were 
recorded as associated with volcano-tectonic structures and 56 domes are situated in or on such structures. This 
association supports the suggestion that volcano-tectonic structures are the surface expressions of magma 
plumes or reservoirs 3 * 4 . Such large volumes of magma could have provided a source for differentiated or volatile 
enhanced material. The association of 17 % of domes with large volcanoes may be explained by the presence of 
high level magma reservoirs, the existence of which is supported by the observation of calderas on the summit 
of many large volcanoes. More evolved magmas could have been formed in such reservoirs. Of the domes 
associated with large volcanic centres 47% are situated on the summit region such as the domes on the 4.8 km 
high shield volcano Sapas Mons (9°N, 188°E). Those on the summit of large volcanoes possibly represent ihe 
youngest volcanic event A total of 11 % of domes are situated in fracture zones and have been heavily modified. 
Only 3 % are associated with tessera, but they are often situated on plains at the margins of upland areas. The 
number of domes found on tessera and fracture belts coupled with their degree of modification indicates that in 
zones that had been tectonically deformed many small volcanoes may have been destroyed. 

The majority of domes are found in isolation or in pairs. Often circumferential fractures surround one or 
sometimes two domes situated close together and may have been related to upwarping associated with dome 
emplacement or with downwarping at the end of an eruption. A total of 10 % of domes occur in clusters often 
formed of overlapping or coalesced domes. These dome complexes have large diameters ranging between 70 km 
to 120 km. Other clusters are made up of overlapping pairs of domes such as those to the east of Alpha Regio 
(300 s, 120 e). 

Landslide deposits associated with volcanic domes may have originated from destructive geomorphic 
processes. On Earth such processes occur on volcanic dome during emplacement (explosive decomposition, 
directed blasts, pyroclastic flows and surges, lava flows, and rockfalls and rock avalanches) and after dormancy 
(rockfalls and rock avalanches), exhibiting a broad range of complexity, diversity and magnitude. 
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A descriptive classification using headscarp-debris-apron relationship, surface texture and plan view, 
was used to compare different landslides around modified domes. Four morphologic groups are identified. Three 
have morphological and morphometric similarities to terrestrial flow deposits. The term flow is used to describe 
any fluidized transport or movement of fragmented solid rock, with or without interstitial fluid (e.g. atmospheric 
gases, magmatic gases, melted rock or fines). Two of the flow deposits are most comparable to terrestrial 
volcanic debris avalanches and the third, to pyroclastic flows. The fourth group of deposits are similar to deep- 
seated arcuate, planar, and translational slides on Earth. 

The landslide deposits and backscaips indicate that volcanic domes on Venus have been modified 
primarily by slope failures. The stellate or arcuate margins of domes can be attributed to large scale landslides^. 
The absence of landslide deposits around some domes with scalloped margins can in particular geological 
settings be explained by younger material having been superposed on the deposits. Elsewhere the deposits may 
have formed only a thin unconsolidated mantle that was penetrated by the radar or has been reworked by 
secondary processes. It is also possible that some deposits possess similar radar backscatter coefficients to the 
surrounding plains. 


References: (1) Guest et al (1992) J. Geophys. Res., 15,949-15,966. (2) Pavri et al (1992) J. Geophys. Res., 
13,445-13,476. (3) Stofan et al (1992) J. Geophys. Res., 13347-13378. (4) Squyres (1992) J. Geophys. 
Res., 13,611-13,634. (5) Bulmer et al (1994) in press. 
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Figure 1 Schematic representation of the modification of volcanic domes. The first group of unmodified domes 
has one subcategory (Dl) from which two subcategories of modified dome develop (MDl, MD2). The second 
group of unmodified domes has two subcategories (D2, D3). Two subcategories of modified domes (MD3, 
MD4) develop from D2, and one (MD5) from D3. 
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THEMATIC MAP TYPES POSSIBLE FOR MARS: MARS-94 MISSION 
CARTOGRAPHIC PERSPECTIVES 

G.A.Burba Vernadsky Institute, Moscow 117975, Russia 

The forthcoming Russia's-spacecraft-based international 
MARS-94 mission to Mars is planned to image the planet with 
two TV-cameras designed at DLR, Germany [1,2]. These images 
could be used to produce the diverse thematic maps of Mars 
at 1:100,000 to 1:1,000,000 scales [3]. The possible types of 
such maps are discussed to provide a basis for a future work. 

The potential thematic maps of Mars could be divided into 
two main groups: (i) solid body maps, and (ii) atmosphere maps. 
SOLID BODY MAPS group consists of two principal subgroups: 

- surface characteristic maps, and 

- subsurface characteristic maps. 

ATMOSPHERE MAP S group consists of one principal subgroup: 

- atmosphere characteristic maps. 

There are two more subgroups of maps which are intermediate 
in thematics between the subgroups listed above: 

- atmosphere/surface interaction maps, and 

- surface/subsurface feature maps. 

This classification of five principal subgroups of Martian 
thematic map types is presented at fig. 1. The short descrption 
of the five subgroups is given below. 

ATMOSPHERE CHARACTERISTIC MAPS include maps of wind, 
pressure, temperature, dust, etc. The maps could be of analytic 
type (portraying direction, speed, value, duration, dynamics, 
abundance, composition, particle size, etc.), or of synthetic 
type (zones, types, seasonal parameters, daily changes, etc.). 
SURFACE CH ARACTERISTI C MAPS include three main families: 

(1) optical characteristics of the surface; 

(2) surface relief and/or topography; 

(3) surface material parameters (other than optical). 

SUBSURFACE CHARACTERISTIC MAPS are to portray first of all 
ground ice. Two families could be outlined: 

(1) depth of ice-bearing layers; 

(2) ice content at the different depths. 

ATMOSPHERE/SURFACE INTERACTION MAPS present both gaseous 
and solid parts of Mars through the three main families of maps: 

(1) aeolian features; 

(2) surface rocks weathering; 

(3) polar caps. 

SURFACE/SUBSURFACE FEATURE MA PS include two main families: 

(1) geologic/geomorphic features; 

(2) permafrost features. 

REFERENCES: 1. G.Neukum et al. High Resolution Stereo Camera 

(HRSC), Mars 94 Mission. Consolidated Phase A Conception. 
Part A: Science Description. DLR, 1990. 

2. G.Neukum et al. The HRSC [/WAOSS] Data System Concept. Data 
Processing & Data Management (Draft Version). DLR, 1991. 

3. G.A.Burba et al. Forthcoming mapping of Mars with MARS-94 
mission: Study of cartographic products needed to utilize HRSC 
and WAOSS scientific data and the ways of their cartographic 
analysis. GEOKHI (Vernadsky Institute), 1992. 
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Fig. 1. Classification of possible map types for Mars 

Diverse types of thematic maps could be produced 
for Mars or its areas with the forthcoming image and other 
data obtained with MARS-94 mission 
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ZHAMANSHIN ASTROBLEME: REVIEW AND FIRST RESULTS OF 1992 
LANDSCAPE AND GEOMORPHIC SURVEY 
G.G.Burba, Jr. (1,2), and V.A.Meshcherskaya (1), 

(1) Geographical Dept., Lomonosov Univ., Moscow, 119899, Russia 

(2) Dept. Agrometeorol., Univ. Nebraska, Lincoln, NE 68583, USA 

Zhamanshin impact crater located in Kazakhstan between the 
Aral Sea and Irghiz River was studied in June 1992 by 
geographic expedition. An attempt was undertaken to study the 
natural complexes of the impact structure with the landscape 
and geomorphic survey. Such approach could help to recognize 
unknown impact structures through their traces in landscape - 
the geographic complex which is the most sensitible to the 
changes of the environment. 

High degree of knowledge and good expression in topography 
define Zhamanshin crater as suitable feature for the geographic 
investigations of the natural complexes of terrestrial impact 
crater. Zhamanshin is located in semidesert plain of the North 
Kazakhstan at 48°20'N and 60°58 / E. The topographic levels of 
the area are within 150-300 m. The crater looks as isometric in 
plan depression of 100-150 m deep and have rim crest diameter 
13 km. It is relict of impact crater aged around 0.75 m.y. [1]. 

The following tasks were taken in mind during the field 

trip. 

(1) Definition of modern natural complexes of the area through 
the geologic/geomorphic and soil/vegetation differences. 

(2) To study gravitational (slope), aeolian, and insolation 
conditions and hydrologic net patterns. 

(3) Tracing the main directions of material movement with the 
exogenic processes. 

(4) Estimation of crater's landscapes or their structure 
(patterns) uniqueness vs. the same at the ajacent regions. 

(5) To look for the correlation between the modern landscape 
patterns and the original geologic structure of crater. 

(6) To try to estimate the role of catastrophic impact origin 
for the following evolution of the crater's landscapes. 

During the field trips the landscape and geomorphic cross- 
sections were constructed. They cross the crater N to S and 
E to W and are 13—16 km long. Trips along crater rim and across 
the areas outside the crater took place. After that the areas 
within the crater were studied in accordance with pre-field 
mapping with multispectral Landsat satellite image. An area 
about 300 sq. km was surveyed during the field trips. The 
observations took place at 42 points located at the bottom and 
rim of the crater and outside the crater. Each point was 
described in details with geologic/geomorphic data, surface 
soil, deep section of soil, hydrologic patterns, botanical 
square. Rock and vegetation samples were collected. 
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Preliminary landscape map of Zhamanshin area [2] was 
produced with pre-field interpretation of May 1986 Landsat 
image. This map was dramaticaly modified after the field trip. 
Six maps of 30 x 30 km area were compiled at 1;170,000 scale, 
topographic (c.i. 20 m), geologic, surface deposit types, 
geomorphic, soil, and drainage net. They were used together 
with field data on vegetation to produce a final landscape 
map. Many new landscape areas were defined and landscape 
complexes outlined at the final map. This map shows two 
principal landscape regions: (i) connected with impact crater, 
and (ii) non-connected with impact crater. The first region 
includes three main subregions: (1) crater bottom and inner 
walls, (2) crater rim/ejecta plateau, and (3) crater rim/ 
ejecta outer slopes. The second region consist of two 
subregions: (1) NE plains, and (2) SW plains. Ninety smaller 
landscape divisions took place within the principal areas. 

Crater-connected landscape regions look to be intrazonal 
landscapes. Their patterns did not follow the general 
regional patterns of the area. The landscapes outside the 
crater (and its rim/ejecta area) fit the regional picture of 
geographic zonality. The final landscape map shows that 
landscape divisions outline the material movement patterns: 
concentric for crater—related landscapes and elongated—spotty 
for areas outside the crater and its rim/ejecta area. 

Exogenic processes were found to be more active within 
the crater rim: the long deluvial aprons took place at the 
foothills of the modern rim. These aprons are larger than the 
aprons around the isolated remnant hills on. the surrounding 
plains. The summit surfaces of crater rim hills are covered 
with eluvial material which consist of the welded ejecta 
breccias. Because of it the destroying of the summit surfaces 
is weak. 

Number of landscape levels were recognized. They are 
connected with the morphostructure of the crater and have 
concentric location. The principal landscape divisions of 
Zhamanshin crater were well recognizable in the field in 
accordance with the composition and density of the 
vegetation, soil and surface rock types. The crater bottom 
is the smooth alluvial-proluvial plain which contains no 
manifistations of geologic structures. But the concentric 
patterns of the landscape complexes are sharply recognisable 
within the bottom both at the Landsat image and in the field. 

REFERENCES: 1. P.V.Florensky, A.I.Dabizha (1982) Zhamanshin 

meteoritic crater. Moscow: Nauka [in Russian]. 

2.G.G.Burba , V.A. Meshcherskaya (1993) Landscape and geomorphic 
survey of Zhamanshin area. LPSC XXIV, 221—222. 
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QUESTIONS CONCERNING THE OXIDATION OF FERROUS IRON 
IN CARBONACEOUS CHONDRITES 

Thomas H. Burbine and Roger G. Burns, Department of Earth, Atmospheric and 
Planetary Sciences, Massachusetts Institute of Technology, Cambridge, MA 02139 

Introduction. It is generally acknowledged that certain carbonaceous chondrites, notably Cl 
and CM chondrites, underwent pre-terrestrial aqueous alteration at or near the surfaces of their 
parent bodies. The occurrence of ferric-bearing minerals, including cronstedtite in CM chondrites 
and ferrihydrite-magnetite-Fe 3+ smectite assemblages in Cl chondrites, indicate that oxidation of 
Fe 2+ in silicate and sulfide minerals took place when aqueous alteration occurred. Oxidation of 
dissolved ferrous iron leached from minerals on asteroid surfaces may have been induced either by 
photochemical oxidation by UV radiation emitted by the young Sun or in primordial atmospheres. 
However, fundamental problems exist for both models. Questions concerning reaction 
mechanisms and ages of such pre-terrestrial aqueous alteration processes are discussed here. 

Background. The aqueous alteration products observed in Cl and CM chondrites [1] indicate 
that oxidation accompanied the formation of secondary mineral assemblages in these meteorites. 
Thus, the presence of the Fe 3 + -bearing serpentine cronstedtite [ideally 
Fe 2 + 2 Fe 3 + (SiFe 3 + ) 05 ( 0 H) 4 ] in CM chondrites, as well as magnetite [ideally Fe 2+ Fe 3+ 2 C> 4 ], 
ferrihydrite [approx. 5Fe2C>3.9H20] and Fe 3+ smectites in Cl meteorites, all indicate that pre¬ 
terrestrial aqueous alteration processes occurred at or near the surfaces of parent bodies of the Cl 
and CM chondrites and were accompanied by oxidation of precursor Fe, FeS, ferromagnesian 
silicates (olivine and pyroxene) and C minerals. In contrast, products of aqueous oxidation are 
minor or negligible in most CV, CO, CK and CR chondrites, in which magnetite and, perhaps, 
minor phyllosilicates are the only pre-terrestrial Fe 3+ -bearing minerals present. 

From electron microscopic observations [2], the following alteration was proposed for the 
aqueous alteration of olivine, pyroxene, sulfides and Fe-Ni in matrix of CM meteorites. First, 
sulfur-bearing fluids penetrated chondrite aggregates and reacted with metal grains to form the 
coherently stratified mackinawite-brucite sheets that constitute tochilinite. Then, fine-grained 
olivine reacted with fluids to produce Mg-rich serpentine (antigorite). The silica released in this 
process reacted with tochilinite to form cronstedtite, which resulted in the intimate tochilinite- 
cronstedtite intergrowths. As alteration continued, the tochilinite was consumed to produce a 
mixture of cronstedtite, magnetite and troilite. The cronstedtite also reacted with the Mg-rich 
serpentine to produce a Fe 2+ -bearing serpentine (greenalite) more magnesian than cronstedtite. 
More intense aqueous alteration may have produced the ferric-bearing minerals in Cl chondrites, 
which contain little, if any, tochilinite and cronstedtite. 

Computer simulations [3] that modeled the interaction of an aqueous phase with the anhydrous 
minerals found in CV and CM chondrites have been used to produce theoretical mineral 
assemblages in CM and Cl chondrites. The best matches to the alteration products in CM 
chondrites were produced at temperatures between 1 and 25 °C, total dissolved C concentrations 
between 10' 8 and 10 -2 m, and a wide range of rock/fluid ratios. The predicted dominant stable 
phases are tochilinite, greenalite and antigorite. Matches to the Cl chondrites can be produced by 
altering either CM or CV anhydrous minerals at temperatures between 50 and 150 °C, total 
dissolved C varying from 10' 3 to 10‘ 2 m and a wide range of rock/fluid ratios. The predicted 
dominant stable phases include sulfides, magnetite, saponite and antigorite, but omitted 
ferrihydrite. 

One characteristic of CM chondrites not addressed by these reaction path calculations is that 
Mossbauer spectroscopy [4] [5] has identified mixed-valence Fe 2+ -Fe 3+ cronstedtite as the 
predominant phyllosilicate in CM chondrites. All of the theoretical calculations were based on Mg 
or Fe 2+ -bearing serpentines and not Fe 3+ -bearing cronstedtite. The cronstedtite is intimately 
intergrown with tochilinite (a highly reduced mineral) and appears to be an alteration product of it. 
The question raised is how Fe 2+ in tochilinite was oxidized to Fe 3+ in cronstedtite. It is 
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noteworthy that stability diagrams [6] for mineral assemblages in banded iron-formations predict 
mackinawite (a constituent of tochilinite) and stilpnomelane (a serpentine-like mineral with a 1:1 
ratio of Fe 2+ to Fe 3+ ) to be stable in the pH range 6 to 8 and Eh range -0.2 to -0.4 V, which 
encompass the computed stability field of tochilinite-serpentine assemblages. Note also that 
Mossbauer spectroscopy [4] [5] of four Cl chondrites has identified major amounts of ferrihydrite 
coexisting with maghemite and magnetite. 

Mechanisms of Aqueous Oxidation. More fundamental to the evolution of the early solar 
system, however, are questions concerning the mechanisms, rates and ages of aqueous oxidation 
reactions that produced the ferric-bearing assemblages in Cl and CM chondrites. Some insight on 
such questions may be provided by recent research on the kinetics and mechanisms of aqueous 
oxidation processes on terrestrial planets [7]. 

The oxidation of Fe 2+ can proceed by several mechanisms. These include: (1) solid-state 
processes involving atmospheric surface interactions which occur without the intervention of 
water; and (2) reactions that occur in an aqueous medium, including: (a) oxidation of aqueous Fe 2+ 
in groundwater by dissolved atmospheric oxygen, where the oxygen is derived from photolysis of 
CO 2 or water vapor in the atmosphere; and (b) photochemical oxidation in UV light of either Fe 2+ 
ions in acidic solutions or FeOH + complex ions in near-neutral pH or slightly alkaline solutions. 

The slow kinetics of gas-solid (atmosphere-surface and UV irradiation) reactions indicate that 
oxidation on surfaces of terrestrial planets is facilitated in an aqueous environment. Dissolved iron 
(as Fe 2+ ions derived from dissolution of basaltic glass, olivine, pyroxenes and sulfide minerals) 
are initially oxidized to Fe 3+ ions by aerated groundwater and then hydrolyzed to insoluble 
hydrated Fe(III) oxide phases, yielding ferrihydrite, which is a major constituent of Cl chondrites. 
Dissolution rates of ferromagnesian silicate and sulfide minerals are fast in acidic solutions but 
rates of oxidation of aqueous Fe 2+ either by UV radiation or by dissolved atmospheric oxygen are 
very slow in acidic solutions. On the other hand, in slightly acidic, near-neutral pH and alkaline 
solutions (pH 4.5 to 8), which may be more applicable to the formation of matrix minerals in 
carbonaceous chondrites [3], rates of oxidation of dissolved Fe 2+ and hydrolysis of Fe 3+ ions are 
rapid, but dissolution rates of primary silicate and sulfide minerals are very slow. 

Applications to Parent Bodies. The question arising from the foregoing discussion is 
which (if any) of these oxidation processes are applicable to a parent body containing anhydrous 
silicates and ice that were heated by some source (e.g., the decay of 2 ^A1 or solar electromagnetic 
induction.) The present-day surface temperature of asteroids (< 190 K) would be too low to allow 
liquid water to exist on the surface. These parent bodies would have very tenuous atmospheres 
that would be in a constant state of flux with water vapor from the sublimation of ice or outgassing 
continually being lost due to very low escape velocities on asteroids. Heating of the asteroid 
interior to temperatures above the freezing point of water would allow liquid water to exist inside 
the asteroid and thereby facilitate aqueous alteration reactions. 

However, to oxidize aqueous Fe 2+ in such an environment by one or more of the proposed 
mechanisms appears to be very difficult. The very tenuous atmospheres on these asteroids would 
not allow for any atmosphere-surface interactions. The lack of an atmosphere plus the inability of 
liquid water to exist near an asteroid's surface appears to rule out oxidation by dissolved 
atmospheric oxygen. The absence of liquid water at the surface would also minimize oxidation by 
the high flux of UV radiation emitted from the young Sun. 

References. [1] Buseck, P. R. and Hua, X. (1993) Ann. Rev. Earth and Plan. Set., 115-149. 
[2] Tomeoka, K. and Buseck, P. R. (1985) Geochim. Cosmochim. Acta 49, 2149-2163. [3] 
Zolensky, M. E., Bourcler, W. L. and Gooding, J. L. (1989) Icarus 78, 411-425. [4] Fisher, D. 
S. and Bums, R. G. (1993) Lunar Planet. Sci. XXIV, 489-490. [5] Burns, R. G. and Fisher, 
D. S. (1993) Proc. Intern. Conf. Mossbauer Spectroscopy, Hyperfine Interact., in press. [6] 
Kiein, C. and Bricker, O. P. (1977) Economic Geology 72, 1457-1470. [7] Burns, R. G. (1993) 
Geochim. Cosmochim. Acta 57, 4555-4574. 


LPSCXXV 


201 


ARE STEEP SLOPES ON VENUS PRESERVED AS A RESULT OF CHEMICAL 
CEMENTATION OF PORE-SPACES IN SURFACE ROCKS? Kevin Burke 1 , Bruce Fegley Jr 2 , 
and Virgil L. Sharpton 3 ; 1 Dept, of Geosciences, University of Houston, Houston TX 77004,, 
2 Dept. of Earth & Planetary Sciences and McDonnell Center for the Space Studies, Washington 
University, St. Louis MO 63130, 2 LPI, 3600 Bay Area Blvd, Houston, TX 77058 (713-486-2111) 

Introduction. The surface of Venus has sustained approximately a billion years of 
volcanic, tectonic, and aeolian activity, yet it seems to lack evidence of substantial 
landform degradation, particularly in comparison to the intensely degraded surfaces of 
the other two terrestrial planets with atmospheres, Earth and Mars. Average kilometer- 
scale topographic slopes of 30° are not uncommon on Venus (Ford and Pettengill, 1992) 
and yet evidence of mass movement is sparse (Malin, 1992). Those impact structures 
on Venus that have escaped direct involvement in tectonic or volcanic activity show very 
little evidence of topographic degradation. They retain bright blocky ejecta deposits and 
steep rim topography (Sharpton, 1994). Despite the evidence of approximately a billion 
years of endogenic and impact surface processing there are relatively few sites on 
Venus where loose particulate matter is available to be moved by the wind (Greeley et 
al., 1992). These observations indicate that some process may act to stabilize surface 
materials on Venus. We propose that cementation of fragmental and other porous rocks 
has taken place by mineral precipitation as a result of chemical reaction between the 
atmosphere of Venus and rocks exposed at the planet's surface. 

Experimental studies. Two different gas-solid reactions lead to the formation of 
chemical cement. Anhydrite (CaS0 4 ) formation via the thermochemical reaction CaC0 3 
+ SO = CaS0 4 + CO was studied by heating high purity natural calcite crystals of known 
weight and surface area and synthetic calcium carbonate powder (ACS reagent grade) in 
S0 2 -C0 2 gas mixtures at -1 atmosphere total pressure. The gas mixtures nominally 
contained 1 % S0 2 by volume and therefore had a S0 2 number density comparable to 
that at the surface of Venus. The gas mixtures also typically contained <1 ppm 0 2 and < 
10 ppm water vapor as impurities but experiments that were done with gas mixtures 
containing up to 100 ppm 0 2 showed that the rates were independent of the 0 2 number 
density within this range. The temperatures of the experiments ranged from 600-850° C 
because the slow reaction rates led to undetectable amounts of reaction at Venus 
surface temperatures over laboratory time scales. During the experiment, calcite crystal 
become coated with a porous layer of anhydrite. The derived growth rate of such a layer 
is 1pm per year under Venus surface conditions (Fegley and Prinn, 1989). Porosity 
determinations done by the line intercept method applied to SEM photomicrographs 
show a wide range of layer porosities, ranging up to 25%. However, the anhydrite layers 
typically have porosities of 5-15%. Consequently, the reaction is not expected to be 
diffusion controlled and is plausibly controlled by the chemical reaction rate at the 
calcite-anhydrite interface. The experiments done with the high purity synthetic calcium 
carbonate powders showed dramatic changes in the sample morphology: Individual 
particles become sintered or cemented together by the anhydrite and the originally sharp 
rhombic shaped crystals of the unreacted powder becomes increasingly corroded and 
welded together into irregularly shaped aggregates as the reaction proceeded. 
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Figure 1 



Calcite formation via the 
thermochemical reaction CaO + C0 2 = 
CaC0 3 is being studied in C0 2 at -1 
atmosphere total pressure. This reaction 
is proxy for the formation of calcite, 
magnesite, and dolomite from the 
reaction of wollastonite, forsterite, and 
diopside with C0 2 on Venus (Fegley and 
Treiman, 1992). Preliminary 
experimental work by B. Brackett, N. 
Izenberg, and B. Fegley shows that the 
silicate + C0 2 reactions are slower than 
calcite formation from CaO, which is 
easier to study experimentally. In these 
experiments, highly reactive CaO is 
prepared by thermal decomposition of 
Ca(OH) 2 . Conversion of the CaO to 
CaC0 3 again leads to the cementation of 
individual grains (Figure 1). The 
cementation is evident on a macroscopic 
scale because carbonate formation 
transforms free flowing powder into a 
single compact piece that maintains the 
cylindrical shape of the crucible after 
removal from the furnace. As yet, no 

kinetic data are available for carbonate formation under Venus surface conditions. 

Conclusions. Chemical cementation is a plausible means of keeping the global 
inventory of particulate material on Venus depleted in the presence of ongoing surface 
activity and may stabilize surface debris and preserve steep slopes associated with 
impact craters and tectonic features. If so, there may be no correlation between age and 
surface slope measured over short length scales. Chemical alteration and pore filling 
may also explain the gradual disappearance of dark haloes and parabolas around 
impact craters over time scales of 10 8 y as 'fresh' ejected debris is first stabilized then 
gradually altered to compounds that are chemically similar to the surrounding surface 
and in equilibrium with the reactive atmosphere. Steep slopes as well as aeolian 
features, such as dunes and wind streaks, may be stabilized structures that record 
ancient, rather than recent, events. In the absence of significant atmospherically driven 
weathering, topographic degradation would be dominated by volcanic processes such as 
burial under lava, or tectonic processes such as folding and faulting. 

Acknowledgements: B.F. is supported by grants from the NASA Planetary Atmospheres and 
VDAP Programs; V.L.S. is supported by a grant from VDAP. Figure 1 was taken by D. Kremser 
and K.L. Lodders. 
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SCHWERTMANNITE ON MARS: DEPOSITION OF THIS FERRIC 
OXYHYDROXYSULFATE MINERAL IN ACIDIC SALINE MELTWATERS 
Roger G. Burns, Department of Earth, Atmospheric and Planetary Sciences, Massachusetts 
Institute of Technology, Cambridge, MA 02139 

Introduction. Schwertmannite, Fe808(0H)6S04, a poorly crystalline oxyhydroxysulfate of 
iron, has been identified on Earth as the primary component of ochrous precipitates from sulfate- 
rich acidic mine waters. More widespread deposits may occur in arid environments, such as 
southern and western areas on the Australian continent. Since acidic permafrost probably occurs 
beneath the Martian regolith, the precipitation of schwertmannite is suggested to occur in equatorial 
regions of Mars when seepages of saline melt waters become exposed to the martian atmosphere. 
Background. Groundwater existing beneath the Martian surface is generally believed to be 
acidic rather than alkaline [ 1 -4]. Due to minimal plate tectonic activity on Mars, acidic 
groundwater has probably prevailed near the Martian surface, having originated from: (1} )volcanic 

gases in acid rain; (2) dissolution of sulfide minerals [FeS2 + 7 /2 O2 + H2O —*• Fe 2+ + 2 S04 2- + 2 
H + ; eq. {1}]; (3) aqueous oxidation of Fe 2+ ions derived from leached basaltic glass, 
ferromagnesian silicates and sulfides [Fe 2 * + V 4 O2 + H + -*• Fe 3+ + V2 H2O; eq. {2}]; and (4) 
hydrolysis of the Fe 3+ ions generated by these oxidative weathering processes [Fe 3+ + 2H2O -*■ 

FeOOH + 3 H + ; eq. {3} ]. The aqueous solutions with pH ^ 6 have remained unbuffered by 
wall-rock alteration of basalts such as that occurring in fracture zones associated with seafloor 
spreading on Earth. 

On Earth, natural acidic groundwater systems are comparatively rare but occur, nevertheless, 
when water seeps through mined sulfide and coal deposits. Outflows of such acid mine-drainage 
water are invariably associated with ochrous ferric-bearing assemblages. On a much larger scale, 
oxidative weathering processes associated with acidic groundwater is occurring across the southern 
half of the Australian continent, yielding deposits of Mars-like yellow-brown hydrous ferric oxide 
and hydroxysulfate minerals. Similar depositional environments may also occur on the martian 
surface. 

Formation of Schwertmannite in Acid Sulfate-Rich Groundwater. Schwertmannite, 
recently recognised as a new oxyhydroxysulfate mineral of ferric iron [5-7], is brownish-yellow 
and has an approximate formula FegOg(OH)6S04. Its crystal structure resembles that of 

akaganeite (P-FeOOH), with SO4 2 * ions located in the tunnels formed by double chains of edge- 
sharing Fe03(0H)3 octahedra. Schwertmannite occurs as an ochrous crust on rocks inundated by 
acidic (pH 3.2) drainage water exiting mined sulfide ore and coal deposits [5]. The mineral forms 
as a result of aerial oxidation of Fe 2+ in acid, sulfate-rich effluents produced by the decomposition 
of primaiy sulfides. A pH range 3.0 to 4.5 and sulfate concentrations in the range 1 to 3 g H are 
optimum for the formation of schwertmannite [ 7 ]. At lower pH’s, jarosite may form as an 
ancillary phase if the concentration of SO4 2 ' is sufficiently high [8], Goethite is also a commonly 
associated phase and may be alteration product of schwertmannite, especially at pH’s exceeding 

4.5 [e.g., FegOg(OH) 6 S0 4 + 2 H 2 0 - 8 FeOOH + H 2 S0 4 ; eq. {4}]. 

Schwertannite was recently identified as the interlayer phase in smectite clays exchanged with 
acidic ferric sulfate solutions [9]. Such ferric sulfate-exchanged montmorillonites have spectral 
features in the visible and near-infrared regions that closely match remote-sensed reflectance 
spectra of bright regions of Mars, particularly in equatorial regions scanned during the Phobus 2 
imaging spectrometer measurements of the martian surface [10]. 

The suggested occurrence of schwertmannite in equatorial regions of Mars may have resulted 
from precipitation of this ferric oxyhydroxysulfate phase from acidic saline melt-waters. Relatively 
high concentrations of dissolved Fe 2+ , derived from dissolution of basaltic glasses, ferromagesian 
silicates and iron sulfides, were oxidized by dissolved atmospheric oxygen. The kinetics of such 
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aqueous oxidation reactions [4] indicate that rates of oxidation of Fe 2+ dissolved in ice-cold saline 
solutions range from about 1 ppm Fe -2 yr 1 (pH 4.5) to about 1000 ppm Fe" 2 yr 1 (pH 6.0). 

Deposition in Arid Environments. In the southeastern part of Western Australia, deep- 
weathering of basement igneous rocks in the Yilgam Block comprising Archean komatiitic basalts 
has yielded saline groundwater systems, drainage of which in a semi-arid climate has resulted in 
extensive playas [11-16]. The discharging water contains high concentrations of dissolved Al, 

Si and Fe 2+ , oxidation and hydrolysis of which generates very acidic groundwater (pH £ 2.8), as 
a result of the ferrolysis reactions (eqs {2} and {3}). The acidity prevents the precipitation of 
aluminosilicate clay minerals. Instead, jarosite [KFe3(S04)2(0H)6l - alunite [KAl3(S04)2(OH)6] 
assemblages are precipitated in the pH range 2.8 to 6 from solutions with ionic strengths ranging 
from 1 M to 5 M, occurring in evaporite deposits with gypsum and halite. Ferrihydrite and 
schwertmannite, instead of jarosite-alunite assemblages, are deposited from groundwater depleted 
in dissolved K and Al. A similar situation may exist on Mars where ground water associated with 
parent iron-rich komatiitic basaltic rocks may also have low Al and K contents. 

Two stages were important in the development of the acidic hydrogeochemical and arid 
weathering environment of southern Australia. Initially, there were periods of laterization/ferric 
oxide deposition under a warm humid climate during the Tertiary. The laterite profiles are 
characterized by a surface duricrust of Fe and Al oxides over deep clay silicate zones depleted of 
alkali and alkaline earth elements. Subsequently, periods of aridity and semi-aridity have 
continued to the present. 

An explanation for the acidic saline groundwater systems on such a large scale and only in 
Australia lies in the recent climatic history of the continent. After the break from Antarctica began 
65 million years ago, Australia moved into the sub-tropic region. The climate through the Eocene 
was humid and warm, much like that proposed on early Mars, and periods of laterization occurred. 
Laterite profiles became abundant in Western Australia on deeply weathered bedrock depleted in 
alkalis and alkaline earths but enriched in Fe, Al and Si. Little chemical weathering is now 
occurring on the Australian continent today due to arid conditions. However, periodic discharges 
of anoxic acidic groundwater into the arid enviroment and oxidation of the dissolved ferrous iron 
continues to generate ferric-bearing mineral assemblages in contact with the oxygenated 
atmosphere. 

Applications to Mars. A similar scenario may apply to the present-day surface of Mars, in 
which periodic precipitation of hydronium jarosite, schwertmannite and ferrihydrite may be 
precursors to nanophase hematite identified in bright regions of the martian surface. 

References. [1] Clark, B. C. and Van Hart, D. (1981) Icarus, 45, 370; [2] Banin, A., Clark, B. C. and Wanke, 
H. (1992) In Mars (eds. H. H. Kieffer et al., Univ. Arizona Press), p. 54; [3] Plumlee, G. S., Ridley, W. I. and 
DeBraal, J. D. (1992) MSATT/LPITech. RepL 92-04, 31; [4] Bums, R. G. (1993) GCA, 57, 4555; [5] Bigham, 
J. M., et aL, (1990) GCA, 54, 2743; [6] Bigham, J. M., Calson L. and Murad, E. (1993) Amer. Mineral, (in 
press); [7] Murad, E., et al (1993) ACS Symp. Ser., in press; [8] Bums, R. G. (1988) Proc. 18th LPSC, 713; [9] 
Bishop, J. L., Pieters, C. M. and Bums, R. G. (1993) MSATT/LPI Tech. Rept 93-06, 6; Icarus (submitted} [101 
Murchie, S., Mustard, J. and Saylor, R. (1993) MSATT/LPI Tech. Rept. 93-06, 32; [111 Long, D. T. and 
Lyons, W. B. (1992) GSA Today, 2, 185; [12] Long, D. T. et al. (1992) Chem. Geol., 96, 183; [13] Mann, A. 
W. (1983) GCA, 47, 181; [14] McArthur, J. M., et al. (1991), GCA, 55, 1273; [15] Long, D. T. et al. (1992) 
Chem. Geol., 96, 33; [16] Macumber, R. G. (1992) Chem. Geo!., 96, 1; [17] Enver Murad is thanked for 
providing unpublished manuscripts; research supported by NASA grants NAGW-2049 and NAGW-2220. 
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CRUSTAL RECYCLING DUE TO MANTLE FLOW-DRIVEN CRUSTAL THICKENING: A 
PRELIMINARY ASSESSMENT; Jeffrey D. Burt, E. M. Parmentier, and James W. Head, Department of 
Geological Sciences, Brown University, Providence, RI02912. 

Introduction: Crustal recycling on Earth occurs at convergent plate boundaries. Magellan mission data indicate 
there is no global plate tectonic system on Venus (1). A fundamental question for Venus is how crust recycles in the 
absence of plate tectonics. A second fundamental question is the origin of venusian highland regions. Can crustal 
thickening associated with mantle down welling cause plateau-like, compressional highlands (2)? What are the rela¬ 
tive roles of thermal buoyancy in the mantle and buoyancy due to the gabbro-eclogite phase change in crust in 
governing the evolution of highland regions? Studies of the effects of the gabbro-eclogite phase transformation on 
the isostatic elevation of the compressional mountain belts of Venus predict that compressional crustal thickening in 
the presence of a shallow thermal gradient may lead to eclogite formation in a crustal root and to possible delamina¬ 
tion (3), while low water concentrations in venusian rocks may slow the gabbro-eclogite transformation and allow 
isostatically balanced mountain belts to reach great elevations (4). 

We explore the possibility that large compressional highland terrains could be sites of crustal recycling. If horizon¬ 
tally convergent mantle flow at a downwelling leads to crustal thickening, then the gabbroic crustal root thus formed 
could deepen sufficiently to transform to eclogite. If the crustal root were to become sufficiently negatively buoyant, 
an instability would form leading to crustal loss into the mantle and contributing to mantle flow. This may develop 
into a self-sustaining system which for some span of time may act to gather and recycle crustal material into the 
mantle. In contrast to (5), who consider crustal recycling linked to thermally driven mantle flow, we examine the 
influence of crustal buoyancy forces due to the gabbro-eclogite phase transformation. 

Model: We consider a compositionally buoyant basaltic crust (3000 kg/m 3 ) of thickness Tc overlying a peridotite 
mantle (3360 kg/m 3 ). Both are assumed to behave as viscous fluids, with the mantle viscosity ten times greater than 
that of the crust. Assuming the model region is small relative to the region of mande flow, we model the effects of 
large scale mande downwelling and horizontal convergence by imposing a horizontal velocity boundary condition 
(Vc) on one side of the model while fixing the other. Flow is also driven by buoyancy forces resulting from the 
topography on both the crust-mantle boundary and on the surface. We calculate flow due to both forces using finite 
element approximations. Changes in density due to the gabbro-eclogite phase change are determined using a basalt 
stability field defined in P-T space. Latent heat of reaction effects on the temperature field are included (6), but the 
effects of heat conduction are not. In our results we look for evidence that eclogitic material has formed in sufficient 
quantities in the crustal root to enable the resulting buoyancy forces to begin to dominate the material flow. The 
imposed boundary velocity causes continuous horizontal compression and crustal thickening. With an initially uni¬ 
form crustal thickness, eclogite would eventually form in a broad region at the base of the crust. We wish to consider 
instead the behavior of an initial thickened region of crust that might be the remnant of earlier magmatic activity. 

We introduce an initial, isostatically balanced, crustal thickness variation and examine how this perturbation 
evolves. The balance of thinning due to relaxation of crustal thickness variations, and thickening due to horizontal 
shortening focussed on the relative weakness of the crust in the thicker region, governs crustal thickening. The 
balance of these effects depends upon the viscosities of the crust and mantle and the magnitude of Vc. Larger 
viscosities reduce buoyancy-driven flow, allowing the convergence velocity to dominate. We seek to define the 
conditions, or the range of model parameters, which would allow the gabbro-eclogite transformation to affect this 
balance and lead to crustal thickening. Thus, we examine the conditions leading to the development of a self- 
sustaining, eclogite-driven downwelling. In this preliminary study we investigate the role of crustal thickness and 
convergence velocity in promoting the phase change in, and eclogite-driven flow of, the crustal root. 

Results: For a 100 km long and 100 km deep model region with a mantle viscosity of 10 21 Pa s, we present 
preliminary results for different values of Vc and initial Tc. We have chosen a thermal gradient of 4K/km with a 
surface temperature of 725 K. The convergence velocities used correspond to rates of 1 km/My and 10 km/My. 

For Tc=20 km the root of the thickened zone initially lies at 40 km depth. Convergence leads to crustal thickening 
and deepening of the root, allowing root material to transform to eclogite. Figure 1 shows the crustal thickness ratio 
between the thick zone and crust away from the initial thickening. Convergence, without the phase change, allows 
crustal thickness variations to diminish (lower line in Figure 1). When negative buoyancy forces due to eclogite are 
included, crustal thickness variations still decrease, but more slowly. 

Figure 2 (a-c) shows a model beginning with a thicker crust (Tc=40 km) having a root already lying within the 
eclogite stability region. Flow due to negative buoyancy forces in the dense crustal root becomes significant relative 
to convergence flow (Vc=l km/My). The sequence of figures illustrates how flow driven at first by convergence 
becomes dominated by negative buoyancy, increasing the rate of crustal thickening. Figure 2d shows the importance 
of the phase change in enhancing the crustal thickness variation. Without the phase change, shown by the descending 
curve, the thickness variation dissipates, while the reverse is true when the phase change is included. 
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Discussion: This preliminary work illustrates the manner in which mantle-driven crustal thickening could lead 
to the formation of a negatively-buoyant crustal root. For an initially thick crust, the body forces in a dense eclogitic 
root will enhance the crustal thickening effects of convergence. Continuing convergence and thickening increases the 
amount of eclogite. Flow due to the growing buoyancy forces of the root will eventually become significant relative 
to convergence-driven flow and lead to the instability of the root and the descent and recycling of root material. This 
scenario may be appropriate to areas where anomalously thick crust has been created by means such as magmatism 

and later cooling brings the root within the eclogite stability field. 

For a thin crust, the initial zone of thickening relaxes. Continued convergence will cause thickening over a broad 
region. The wavelength of an eventual instability may not be related to the size of the initial zone of excess crustal 
thickness. Instead, the instability wavelength will be determined by the relative thicknesses of the basalt and eclogite 
layers and the mantle and crustal viscosities. It is important to recall that these preliminary models do not yet include 
the effects erf heat conduction or crustal radioactivity, both of which will tend to heat regions of thickening crust 
therefore inhibiting eclogite formation. Including these effects is the next step in our modelling studies. 

References: 1) Solomon. S.C, et aL, JGR. 97. 13199-13255. 1992. 2) Bindjchadler. D.L.. and E.M. Parmentier. IGR ., 2 1 21329- 
21344 1990 3) Voider Bniegge. R.W., and J.W. Head, Geology 19. 885-888, 1991. 4) Namiki, N., and S.C. Solomon. JGR . 98 . 15025- 
15032] 1993 5) Lenardic. A.. W.M. Kaula, and D.L. Bind*Aadler. JGR. 98. 18697-18706. 1993. 6) Turcoue. D.L. and G. Schubert, JGR. 



Figure 1. Log of crustal thickness ratio vs time for 
Tc=20 km. Dotted line shows the model including 
the phase change while solid line shows results 
without the phase change. 

Figure 2. Model evolution for Tc=40 km. Light tone is mantle, medium is gabbro, and darkest is eclogite. Flow is 
shown by lines segments. Timesteps correspond to times of: a) 250, b) 750, and c) 1100 on the scale of figure 2d. 
2d shows the log crustal thickness ratio vs time. 
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MODELLING THE FORMATION OF VENUSIAN CHANNELS; D.B.J. Bussey, S-A. 
Sorensen, J.E. Guest, University of London Observatory, University College London, London, NW7 
2QS, U.K. 

Magellan images have revealed the presence of channels on the surface of Venus [1], 
Among the processes being considered for their origin are thermal erosion, and the roofing process 
which may lead to the formation of lava tubes [2], These processes have been studied initially using 
simple one dimensional models [3]. However a one dimensional model has limited usefulness and 
modelling of realistic boundary conditions requires the production of a two dimensional model, one 
dimension representing depth and the other distance from the vent. The model uses a linear vent 
and the eruption is assumed to occur at a constant effusion rate, hence the vent is treated as an 
infinite source of energy, at an energy density corresponding to the eruption temperature, for a 
length of time equal to the eruption duration. 

As this model is two dimensional we are able to enter various velocity profiles to see how 
channel morphology is affected by the velocity gradient within the lava. Initially the model was run with 
a constant velocity profile. Alternatives to try include the velocity profile for turbulent flow as well as 
treating the lava as a Bingham plastic which results in a laminar profile near the ground with a “plug" like 
constant velocity layer above it [4], 

As the lava flows it cools by losing energy to the atmosphere, and to the underlying rock. If 
cooled sufficiently, a crust will form on the surface of the flow. Therefore the model can be used to 
study the process of lava tube formation as it gives an estimate for the distance from the vent when 
crust formation starts. It can also be used to see how much energy is conserved within the flow with 
the onset of crusting, and how this affects the erosion rate at the base of the flow. 

The model was run to simulate a 5 metre thick basaltic type lava flowing over a basaltic 
substrate. It was assumed that the flow velocity was constant at 1 ms 1 and a distance up to 50 
kilometres from the vent was considered. Figure 1 shows two temperature profiles, both occurring 50 
hours into the eruption. One line shows the temperature gradient within the lava 10 kilometres from 
the vent, and the other, 50 kilometres. The y axis represents temperature and the x axis distance into 
the flow with zero corresponding to the surface of the flow and 5 meters the lava/substrate boundary. 
It can be seen that even at 50 kilometres from the vent, the model predicts that there is still a core 
region, albeit a small one, still at the eruption temperature. It should also be noted that the thermal 
boundary layer at the surface of the flow is much greater than the one at the base of the flow. This is 
expected as the rate of heat loss at the surface is much greater than at the base of the flow. 

Whilst, in its present state, this model can only make simple predictions, a fully developed two 
dimensional model will be able to predict some of the features seen on the venusian surface. 
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LIGHT ELEMENT ISOTOPIC COMPOSITION IN THE WIND OF A TYPICAL AGB 
STAR. Maurizio Busso 3 , Roberto Gallino 1 - 2 ’ 3 , Claudia M. Raiteri 3 , and G. J. Wasserburg 1 . 
^Lunatic Asylum, Division of Geological and Planetary Sciences, California Institute of Technology, 
Pasadena, CA 91125, 2 Istituto di Fisica Generale, Universita di Torino, Via P. Giuria 1, 10125, Torino, 
Italy, 3 Osservatorio Astronomico di Torino, Strada Osservatorio 20, 10025 Pino Torinese, Italy 

Interstellar grains very likely condense in the extended mass-losing cool atmospheres of low mass 
red giants (M < 3M©) during the time when they are ascending the Asymptotic Giant Branch (AGB). 
These stars are enshrouded by circumstellar envelopes, being among the most important galactic IR 
sources. The AGB stars are expected to show a strongly anomalous isotopic composition of the CNO 
elements and of many other light elements with respect to the solar system. This is due to the occurrence of 
different mixing episodes that bring to the surface newly synthesized matter from the inner stellar zones. 
Both the oxygen-rich and the carbon-rich AGB stars should have large isotopic anomalies in light elements 
as C, N, O, He, Ne, Mg. 

All red giant stars suffer for a major I dredge-up episode during their early stages (M stars). A 
deep convective envelope sets in, penetrating into the partially H-buming inner zones and homogenizing the 
whole outer structure. Standard evolutionary theory [1] predicts that the stellar atmospheric ,2 C is reduced 
by about 1/3 of its initial value, 14 N is increased by a factor 2-3, 15 N is reduced by about 30% and is 
increased by a factor 2. Thus the carbon isotopic ratio is expected to be considerably lower than solar, in 
the range 12 C/ 13 C - 20 - 30. A ratio close to 14 N/ 15 N = 1200 is expected. Spectroscopic observations of 
M stars [2, 3] partly agree with these expectations, for star of M > 2 M©. But the lower mass M stars 
with M < 2 M© show much lower values of J2 C/ 13 C, that roughly scale with stellar mass. It is then 
necessary to postulate some sort of extra mixing [4] to further reduce the 12 C/ 13 C ratio to 10 - 20. The 
same process would also affect nitrogen isotopes, with a resulting increase of the 14 N/ 15 N to about 4,000. 
In addition, the oxygen abundances are affected by the I dredge-up. While 16 0 remains essentially 
unchanged, the envelope convection reaches the inner zones close to the H-shell where a large production of 
17 0 occurs. This causes the surface ,6 0/ 17 0 ratio to substantially decrease. This ratio is in principle a very 
sensitive function of the maximum depth reached by the outer convection and of the still highly uncertain 
reaction rate of 17 0(p,a) 14 N. From a comparative analysis of theory and spectroscopic observations, 
which is biased by the poor knowledge of the mass of the sample stars [5,6], one can infer that 16 0/ 17 0 
decreases about exponentially with the initial mass of the star, from its initial value for stars of about 1 
M©, down to a factor 20 for stars of 2 M©, and then it increases back, up to about 1/3 the initial 16 0/ 17 0 
for stars of about 20 M©. Concerning He, all red giants are slightly enriched in 4 He, but a large 
enrichment is predicted for 3 He for the lower masses [1]. 

Finally, when the star is on the AGB, its intermediate layers (outside the degenerate C-0 core 
which is the parent of a future white dwarf) are periodically swept by recurrent episodes of convective He- 
shell burning (the thermal pulses). This is followed by the partial penetration of the external convective 
envelope which mixes to the surface material enriched in He-buming ashes, mainly 12 C. During this 
process, ashes of the (now inactive) H-shell, containing CNO nuclei in equilibrium abundances are taken to 
the surface. We note that AGB stars more massive than 4-5 Mo, though rare, can give rise to further 
hydrogen processing, occurring at the base of the convective envelope. Such stars are now recognized to 
produce abundantly 7 Li, * 4 N, ' 3 C and 2 ^A1. During AGB evolution the envelope is progressively peeled 
off by mass loss. This is treated by extensive parametric modeling but understanding is poor. The most 
widely used simplified treatment [7] involves a free parameter (q); by tuning it to a common value (0.4) it 
is possible to account very well for the mass loss rates observed in MS, S and C-stars (see observations by 
[8]; models by [9]). As for the mixing expected after each pulse, (the third dredge-up), we follow the model 
for this mixing from recent results on AGB evolution [10], Some typical results concerning the mass loss 
rate, the C/O ratio and the 12 C/ ,3 C ratio versus pulse number are illustrated in Figs. 1 and 2. While C 
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becomes more and more enriched in ^ 2 C during the III dredge-up episodes, no appreciable O composition 
variation is expected to occur in the envelope of low mass AGB star. As for nitrogen, the produced in 
the H-buming shell is also mixed with the envelope when the convection zone penetrates below the 
temporarily inactivated H-shell. We recall that the most important signature of the third dredge-up consists 
in a strong increase of the heavy s-elements that were built through neutron captures during each 
convective He-buming instability (thermal pulse). The neutron source in carbon stars is provided by the 
13 C(a,n) 16 0 reaction, whereas the temperature of the He shell never becomes sufficiently high to allow 
22 Ne to be consumed. Consequently, a major consequence of the III dredge-up is to carry essentially pure 
22 Ne matter into the envelope. Among interstellar dust grains produced in the reducing conditions of 
carbon rich atmosphere are the SiC grains. The mainstream population of SiC grain shows a 12 C/ 13 C 
distribution [11,12], that compares nicely [13] with the observed distribution in carbon stars [2], A 
debated problem is the interpretation of the isotopic anomaly of Si, however, which shows a linear 
correlation of 29 Si/ 28 Si versus 30 Si/ 28 Si on a steeper slope (n = 1.4) than that predicted by the s-process 
analysis on the basis of an assumed S/Si initial composition by [14], We have found that it is possible to 
match the observed slope using a lower initial S/Si value, a factor of 3 lower than that currently adopted. 
While the dominant mass loss rate over the whole stellar evolution of AGB stars occurs with C/O > 1 , thus 
providing a source for C, SiC, TiC grains, it should be noted that about 10 % of the mass lost is in the 
region where C/O < 1 and where 16 0/ 17 0 was increased in the envelope by the I dredge-up. This could 
permit oxide grains to form. In particular, the rare AI 2 O 3 grains could be produced during the early stage 
of AGB evolution when C/O <1. 

[1] Iben I. (1977) In Advanced Stages in Stellar Evolution (eds. P. Bouvier, A. Maeder) Sauvemy: Geneva 
Observatory). [2] Smith V. V. and Lambert D. L. (1990) Ap. J. Supp. 72, 387. [3] Gilroy K. (1989) Ap. J. 347, 
835. [4] Iben I. and Renzini A. (1984) Phys. Reports 105, 329. [5] Dearborn D. S. P (1992) Physics Reports 210, 
367. [6] El Eid M. F. (1993) A & A, submitted. [7] Reimers D. (1975) Mem. Roc. Soc. Sci. Liege VI ser 8, 369. 
[8] Olofsson et al. (1993) Ap. J. Supp. 87, 267. [9] Busso M. et al. (1992) Ap. J. 399, 218. [10] Busso M. et al. 

(1993) in progress. [11] Stone J. et al. (1990) EPSL 107, 570. [12] Hoppe P. et al. (1994) Ap. J., in press. [13] 
Gallino R. et al. ( 1994) Ap. J., in press. [145] Anders E. and Grevesse N. (1989) GCA 53, 197. Division 
Contribution 5361 (836). NASA NAGW-3337. 
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Figure 1. Mass loss rate versus C/O in the envelope for a1.6M e star 
during the thermal pulses {filled circles) along the AGB track. 
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Figure 2. Mass loss rates versus envelope for AGB stars of twenty 
initial masses and three ( 12 C/ 13 C) 0 * 10,20, and 30 at the last 
pulse before the star leaves the AGB. 
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MARTIAN POLAR REGIONS: 3.5-CM RADAR IMAGES; B. J. Butler, D. O. Muhle- 
man, California Institute of Technology, M. A. Slade, Jet Propulsion Laboratory 

Introduction : We have conducted several unique radar experiments in an effort to further under¬ 
stand the surface of Mars. The experiments were carried out during the oppositions of 1988, and 1992/93. 
The experiments resulted in well-calibrated, unambiguous radar images of the entire visible disk at many 
viewing geometries. The images were constructed using the Very Large Array (VLA) in Socorro, New Mex¬ 
ico to receive and map radar flux at 3.5 cm which was continuously transmitted from the Jet Propulsion 
Lab (JPL) 70-m antenna at Goldstone, California and reflected from the surface of Mars. A preliminary 
description and interpretation of the data from the 1988 experiment has already appeared (1). This map¬ 
ping technique has also been used in the past to image Mercury (2) and Venus (3), and to obtain echoes 
from Saturn’s largest moon, Titan (4). The entire Martian surface has been imaged, at resolutions as good 
as 100 km. This abstract and talk will only concern the results for the polar regions of the planet. We 
imaged south polar regions in 1988, during mid southern summer ( L t ~ 295°), and found a highly reflective 
feature associated with the residual south polar ice cap (RSPIC), which was exposed at the time. The peak 
normalized cross section of this feature in the same sense circular polarization as that transmitted (SS) was 
~ 0.7. This feature also had a polarization inversion, meaning that more echo energy was returned in the SS 
polarization than in the opposite sense circular polarization (OS). The most favored mechanism to produce 
this effect requires a low loss medium with many scattering centers, indicating that the RSPIC had many 
discontinuities (cracks and voids) in it’s upper few meters. We imaged north polar regions in 1992/93, dur¬ 
ing early northern spring ( L, ~ 20°), and found no similar features (with high reflectivity OR polarization 
inversion) associated with the residual north polar ice cap (RNPIC). We think that there are three causes 
for the difference: 1 - there is some fundamental difference in the structure and/or composition (amount of 
dust contaminant) in the two residual caps, 2 - the residual COj cap was not sublimated away during the 
1992/93 experiments, and absorbed some of the incoming radar energy, and 3 - the north polar regions were 
imaged with slightly poorer geometry (higher incidence angles). 

Observations and Data Reduction : We observed Mars on October 22, 1988, at a distance of ~ 0.46 
AU, when the subearth latitude was ~ —24°. The range of subearth longitudes was ~ 40° — 160°. We again 
observed the red planet on December 29, 1992, and January 12, 1993, at a distance of ~ 0.63 AU, when the 
subearth latitude was ~ +8°. The range of subearth longitudes was ~ 337° — 194°. On each date, periodic 
observations of quasi-stellar objects were used to calibrate the phases of the observed visibilities, and an 
observation of a source of known flux was used to calibrate the amplitudes. Because of the rapid rotation of 
the planet, the data was split into many “snapshots”, each of about 10 minutes duration. After subtraction 
of the thermal emission signature from the surface, the data for each snapshot were then self-calibrated 
using the phase closure method on the specular spike in the OS visibilities. The data for each polarization 
were then mapped and the known antenna response (“beam”) deconvolved out using a modified CLEAN 
algorithm. The result is a well-calibrated radar reflection image for each received polarization of the entire 
visible hemisphere of Mars for each snapshot. Polar (latitudes above 65°) reflectivity images were then 
constructed by projecting the proper polar region (south for the 1988 data, north for the 1992/93 data) 
for each snapshot into an individual stereographic image, then averaging these individual images with the 
appropriate weighting. 

Polar Reflectivities : The south polar images show a highly reflective feature in both polarizations 
whose location corresponds closely to that of the RSPIC, which we resolve. At the time of the observations, 
the seasonal CO 2 cap had entirely sublimated away, so the feature was due to the RSPIC itself. The peak 
normalized cross section was 0.716 ± .009 for the SS polarization, and 0.312 ± .014 for the OS polarization. 
These reflectivities are very high, particularly considering that they occured at an incidence angle of ~ 66°. 
The peak polarization ratio (ratio of SS to OS reflectivity) was — 2.3, and the ratio throughout the extent 
of the highly reflective region was > 1. The occurence of high reflectivities and polarization ratios > 1 is an 
uncommon one in radar studies, but has also been found on the icy Galilean satellites (see (5) for a review), 
the polar regions of Mercury (1,6), and a portion of the Greenland ice sheet (7). The mechanism to produce 
this signature is poorly understood, but the effect is probably due to the penetration of the radar wave into 
a relatively lossless medium which contains many scatterers (8). This implies that the ice in the upper 10’s 
of meters of the RSPIC was very lossless (less than 1% included dust), and contained many scatterers. The 
scatterers could not have been dust layers or rocks, as too much energy would have been absorbed during the 
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many subsurface scattering events to reproduce the high reflectivities. The alternative is that the scatterers 
were cracks and voids in the ice. 

The north polar images tell a significantly different story. There was no region northward of — 75° which 
had a high reflectivity in either polarization, or had a polarization inversion. There were two regions at lower 
latitudes which had slightly enhanced cross sections (peak OS cross section — .14), but no polarization in¬ 
version (ratio of-0.5). This result was quite surprising to us at first, but we attribute it to the combination 
of three effects: different geometry, different season, and fundamental structural or compositional difference. 
Each of these effects will now be discussed. 

During the 1988 experiment, the subearth latitude was — -24°, giving us a relatively good view of 
the south pole and the RSPIC. During the 1992/93 experiments, the most northerly subearth latitude was 
— +9°, so the pole was considarably closer to grazing incidence. This difference in incidence angles may 
explain part of the discrepancy, but there are indications that this is not the case. First, our Mercury experi¬ 
ment, which showed a north polar feature similar to that at the RSPIC, was at — 79° incidence angle, similar 
to that for the Martian north polar observations. Also, the large extent of the RNPIC implies that there 
were portions of the cap which were at much lower incidence angles during the experiments, indeed similar 
to the 66® of the south polar observations. However, in an attempt to correct for the different geometry, 
we made weighted least squares fits to a cosine law backscatter model for the polar regions. The RSPIC 
feature shows up clearly in these fits, as expected. In the north, there are features in the SS fits near the 
southeastern edge of the residual cap, although the peak cross section is about a factor of 6 less than that 
for the RSPIC feature. This seems to indicate that the geometry is indeed a factor, but the reliability of the 
fits remains in question, since the excursion in incidence angle for most of the fits is less than 15®, and at 
high incidence angles. 

At the time of the north polar observations, the Martian season was early northern spring, so a sig¬ 
nificant portion of the entire extent of the seasonal CO 2 cap would be expected to still be present. The 
seasonal cap at this time is most likely a low porosity polycrystalline layer of CO 2 with very small amounts 
of included dust, with a depth of £0.5 m. Assuming that CO 2 ice has the same loss tangent as H 2 O ice, we 
have calculated the amount of absorption caused by such a layer, and we find that for angles other than very 
near grazing, this absorption cannot explain the difference in the polar reflectivities. It certainly contributes 
to the difference, but cannot be the only cause. 

If the difference is not due entirely to geometry and the seasonal cap, it must imply some fundamental 
difference between the two residual caps. For our purposes, this difference could either be in the transparency 
of the two caps (i.e. amount of included dust), or in the number of scatterers (cracks and voids). There has 
been some indication that the RNPIC is “dirtier” than the RSPIC (9), and we may be seeing the signature 
of this at 3.5-cm. However, there is still some controversy about the actual amount of dust needed to make 
the RNPIC “dirtier” (10). If the amount needed is less than a few percent, then it does not affect our 
measurements significantly, as the loss tangent of the bulk ice/dust mixture would still be very low. If the 
difference is structural, there must be some difference in the production or destruction rate of scatterers. 
The production of scatterers is most likely either a thermal process (for the RNPIC only) or due to motion 
(i.e. glaciation). For the RSPIC to have more scatterers, it must have significantly more underlying relief, 
and hence more motion. The destruction of most cracks and voids is most likely through filling with CO 2 
frost, which is a very fast process (seasonal). However, if there is no communication with the atmosphere, 
then the cracks and voids are likely closed by simple viscous relaxation. For H 2 O ice, this relaxation is a 
very long process (millions of years). If the upper meters of the RSPIC are CO 2 ice, then this process may 
be somewhat faster there, but the rheological properties of CO 2 ice are unknown, so this is uncertain. 

References : (1) D. O. Muhleman, et a/., Science, 253 , 1508—1513, 1990; (2) B. J. Butler, et a/., J. 
Geophys. Res., 98, 15003-15023, 1993; (3) K. A. Tryka, et a l, LPSC XXII, 1417-1418, 1990; (4) D. O. 
Muhleman, et aL, Science, 248 , 975-980, 1990; (5) S. J. Ostro, et al., J. Geophys . Res., 97, 18227-18224, 
1992 (6) J. K. Harmon and M. A. Slade, Science, 258 , 640-643, 1992 (7) E. J. Rignot, et al., Science , 261, 
1710-1713, 1993 (8) B. Hapke, fcarus, 88, 407-417, 1990 (9) D. A. Paige and A. P. Ingersoll, Science, 228, 
1160-1168, 1985 (10) H. H. Kieffer, J. Geophys . Res., 95, 1481-1493, 1990 




N94- 35414 


LPSCXXV 


213 


FLUVIAL PROCESSES IN MA'ADIM VALLIS AND THE POTENTIAL OF GUSEV 
CRATER AS A HIGH PRIORITY SITE; Nathalie Cabrol 1 * Ragnild Landheim 2 , Ronald Greeley* 5 , and 
Jack Farmed. ^ Observatoire de Meudon , 2 Department of Botany and Geology, Arizona State University , 
Tempe, AZ , 3 Department of Geology, Tempe , AZ, ^ NASA Ames Research Center , Moffet Fiels, CA. 

Introduction 

According to exobiology site selection criteria for Mars (Farmer et al., 1993), the search for 
potential extinct/ extant water dependant life should focus on sites were water flowed and ponded. The Ma’adim 
Vallis/Gusev crater system is of high priority for exobiology research, because it appears to have involved long¬ 
term flooding, different periods and rates of sedimentation (Schneeberger, 1989), and probable episodic ponding. 

Evidence for non-uniform fluvial processes 

Ma'adim Vallis exibits a series of elevated terraces which He above the present valley floor 
(Landheim et al., 1994). The length of the valley, the lateral continuity of the terraces and thickness of terrace 
deposits suggest that the region experienced long-term, non uniform processes of fluvial erosion and deposition, 
reflected in geomorphic features along the valley floor, at the valley mouth, and within Gusev crater. Along the 
downstream course of Ma'adim Vallis at least ten different levels of terraces are visible along the west bank of 
the valley, and at least eleven on the east bank. These terraces represent a minimum estimate that is likely to 
increase as higher resolution images become available. 

Three levels of terraces are visible within the two 30 km diameter impact craters located at the 
mouth of Ma'adim Vallis (Landheim et al., 1994). Three terraces (T9-Til) which occur within Gusev crater are 
interpreted to represent fluvial deposits that are correlated by elevation to fluvial terraces in Ma'adim Vallis. 
Other levels recognized within Gusev crater are not found in the valley system, but could be associated with 
upper terraces on the surrounding plateau which are related to small valley networks adjoining Gusev crater on 
the SW and SE rims. The suggested terrace correlations provide a framework linking the morphology and 
stratigraphy of deposits within Gusev crater to processes operating within the downstream region of the Ma'adim 
Vallis. 

Early overflooding of the plateau and ponding 

Table 1 summarizes our interpretation of the evolution of terracing within the lower 40 km of 
Ma'adim Vallis. In the early stages represented, the channel floor of Ma'adim Vallis appears to have been about 
900 m above the current level. Remnants of five upper terraces (T1-T5) are visible on the plateau. They 
terminate along the southern margins and continue on the Cl west bank and C3 east bank where they adjoin 
small fluvial valleys entering Gusev crater. These observations suggest the three large imapct craters located at 
the outlet formed natural dam to flow from Ma'adim Vallis, and that water ponded locally to form a lake which 
backed up into the lower part iof the valley (Cabrol et al., 1993 a , 1993b). 

The slight sinuosity of terraces T1 to T5 reflects original channel meandering. The terraces 
also appear to correspond to channelization of the flow by small valley networks on the SW and SE rims of 
Gusev crater, leading to the setting of two different levels of sedimentation inside the crater, which may be 
evidence of a crater-lake that overtopped the Gusev north rim. The overtopping generated a catastrophic release of 
water to the northern plains. This period left less than 200 m thick deposits distributed into five sequences of 
comparable ampmlitude (Table 1). The correlative sequences of erosion were observed by the deepening of the 
valley section, which at T5 is located about 200 m below the primary level, and by its reduction in width. 

From terrace level T6, the flow changed direction to enter its present axis. This episod is 
interpreted to correspond to the opening of the southern rims of Cl and C3 impact craters and to the 
sedimentation inside these basins, with drainage of the remnant flood plain towards Ma'adim Vallis through 
small valley networks that are visible on both banks. Because the T6 level is not observed inside Gusev crater, 
the northern rim of C3 is interpreted to have acted as a dam. The visible thickness of the deposits inside Cl and 
C3 (Table 1) are twice that observed for previous episodes, suggesting that the increase in erosion was linked to 
a drop in base level. This event appears to have lowered the channel floor at least 70 m to a level corresponding 
to that of C1/C3 floor. 

After T9, all the terrace levels in Ma'adim Vallis correspond to deposits found in Gusev 
crater, as described in Landheim et al., (1994). Breaching of the last northern rim of C3 is believed to represent a 
base level drop of at least 500 meters and appears to correlate to accelerated channel incision into the T9 terrace 
deposits within Ma'adim Vallis. The depth achieved by this incision event was equivalent to the difference in 
elevation between Gusev crater and the thickness of the T9 deposits. 

The geomorphology of the deposits within Gusev crater provide evidence for loaded flows, 
especially the shape and thickness of the delta remnants, and the different lobes of sedimentary deposits fronts 
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within Gusev crater. 

Conclusion 

During its period of fluvial activity, Ma'adim Vallis experienced different fluvial processes, 
from slow sedimentation rates to catastrophic release of mud-like flows. The results was accumulation of nearly 
900 meters of fluvial sediments which were derived from different source rocks upstream in the region. This 
exceptional diversity designates Ma'adim vallis-Gusev crater system high priority for exobiology studies. 


Table 1 : 

Terrace n° 

Elev.(km) 

Width (km) 1 

Volume of sediments 

Young 

11 

floor 

2 

? 


10 

0,04 

4,4 

0,19 


9 

0,5 

7,5 

3,75 


8 

0,03 

10 

0,3 


7 

0,05 

13,5 

0,6 


6 

0,07 

19 

1,3 


5 

0,03 

21 

0,6 


4 

0,06 

30 

1,5 


3 

0,04 

33,5 

1,3 


2 

0,03 

47,5 

1,4 

Old 

1 

0,04 

55 

2,2 


1 -Width considers the distance between the terraces of the same level. The volume of 
sediments is estimated from this width, the 40 km long sample of the valley, and the 
elevation of the terraces. 

References : Cabrol et al., LPSC XXIV, 241-242 (1993a); Cabrol et al., ( submitted to Icarus) (1993b); 
Landheim et al., LPSC XXV , (1994); Fanner et al., Proceedings of the World Space Conference, 29th 
meeting of the World Space Congress (COSPAR) ( in press); Schneeberger, LPSC XX, 964-965, (1989). 
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COMPARATIVE RESULTS FROM GIANT IMPACT STUDIES. A. G. W. Cameron, 
Harvard-Smithsonian Center for Astrophysics. 


The author’s program of simulations of Giant Impacts on the protoearth has nearly finished its current phase; 
seven of nine simulations have completed at the end of 1993, and an additional simulation of a 0.2 M® planet 
impacting centrally on a 0.8 M® planet has been carried out. The results have shown the universality of the 
development of large hot rock vapor atmospheres around the impacted planet. In the equatorial plane the density 
distributions of these atmospheres are remarkably similar, being largely independent of the variations in collisional 
angular momentum (over a factor of two) or of the ratio of projectile to target mass (from 2:8 to 5:5). 

During the last eight years the author, together with several colleagues, has carried out a series of numerical 
investigations of the Giant Impact theory for the origin of the Moon (1-4). Current smooth particle hydrodynamic 
(SPH) simulations use 10,000 particles with 5,000 particles in the target and 5,000 in the impactor. 

So far seven runs (out of nine) have finished; these have target to impactor mass ratios varying from 5:5 to 8:2. 
The collisional angular momenta range from 1.2 to 2.2 times the present angular momentum of the Earth-Moon 
system. In addition, one run with a mass ratio of 8:2 was carried out with zero angular momentum, involving a 
central impact. All of these runs started with zero velocity at infinity, so that the impact occurred at escape speed. 

The initial temperatures of all colliding bodies were taken to be 2,000 K, which is high enough realistically to 
represent a history of collisional accumulation and low enough to suppress thermal evaporation of matter from the 
surface. After the collision, wherever very hot rock appears in a surface region, rock vapor evaporates and forms a 
hydrostatic atmosphere around the body. This rock vapor is simply the vapor phase of the dunite equation of state 
developed by Jay Melosh (3). 

A comparative analysis of the computational results is still being carried out, and only a flavor of them can 
be reported in this abstract. First, the collisional event involving the central impact was rather spectacular. The 
impactor produced a major compression of the impacted hemisphere; a view of the system from the side at the 
time of maximum compression is shown here. The impactor struck the target from above and is buried in the other 
material, making the system look much like a thick but shallow bowl. The rebound from this compression set off 
wild oscillations of a variety of modes before things settled down with most of the energy converted to heat. The 
usual rock vapor atmosphere formed around this system due to evaporation. 



The top figure on the second page shows the density distribution of the rock vapor atmosphere in the equatorial 
plane for cases 2 and 6 and the central impact. Case 2 was the collision between two half-protoearths (5:5 mass 
ratio) and an angular momentum of 2.2 times that of the present Earth Moon system. Case 6 involved a mass ratio 
of 8:2 and an angular momentum of 1.4 times that of the present Earth-Moon system. The density distributions 
of these two cases are remarkably similar, and the other numbered cases are in turn quite similar to these two. 
However, the zero angular momentum case (central impact) falls off a little more rapidly, showing the effect of 
rotational flattening toward the equatorial plane. 

The bottom figure on the second page shows the angular velocity variations with radial distance for cases 
2 and 6; the figure shows both the calculated results and what the angular velocity would need to be to place 
material in Keplerian orbit. Again the results for cases 2 and 6 (and other cases as well) are very similar; note that 
at small distances the condensed parts of the systems are in corotation. The angular velocities are subkeplerian in 
all cases. The central impact case (not shown) has deviations of both signs from zero angular velocity, presumably 
due to turbulence generated by the impact. 

This work was supported in part by NAGW-1598. 

References: (1) Benz, W., Slattery, W. L., and Cameron, A. G. W. (1986) Icarus , 66, 515-535; (2) Benz, W., 
Slattery, W. L., and Cameron, A. G. W. (1987) Icarus , 71, 30-45; (3) Benz, W., Cameron, A. G. W, and Melosh, H. 
J. (1989) Icarus , 81, 113-131; (4) Cameron, A. G. W., and Benz, W. (1991) Icarus , 92, 204-216. 
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DIELECTRIC PROPERTIES OF VENUS: RESULTS FROM EMISSIVITY MODELING 
AND TERRESTRIAL FIELD MEASUREMENTS; Bruce A. Campbell, Center for Earth 
& Planetary Studies, National Air & Space Museum, Smithsonian Institution. 

The two primary surface properties which control microwave scattering and emission are 
roughness and dielectric constant. Magellan synthetic aperture radar (SAR) measurements 
for Venus are strongly influenced by wavelength-scale roughness, while observations of 
the 12.6-cm brightness temperature are more dependent upon dielectric constant. Neither 
dataset, however, can be used in isolation to derive these physical quantities, since 
roughness changes affect the emissivity and reflectivity variations will be mirrored in the 
SAR return. This project examines the mean behavior of backscatter and emissivity data 
over the entire planet, and uses the observed relationships to derive a model which 
estimates the dielectric constant and a "surface roughness fraction". Use of this model may 
permit rapid separation of areas with actual dielectric variability from those whose 
emissivity variations are caused by roughness changes. The second portion of the work 
uses a field dielectric probe to determine the complex permittivity of terrestrial basalts, 
which are often characterized by vesicular upper layers. This field study was necessary to 
fill in a gap between lab measurements of powders and dense rock samples. 

DATA . Magellan collected interleaved emissivity (E) and SAR measurements, and the 
ARCDR dataset contains values of E and "unfocused" (footprint-averaged) backscatter for 
each surface footprint of the high-gain antenna [1]. There are ~6 million footprints across 
the planet through Orbit 3900, with the incident/emitted angle varying as a function of 
latitude through Cycle 1 and held fixed through much of Cycle 2. The emissivity data were 
binned as a function of radar backscatter brightness (a 0 ) within different incidence angle 
ranges to analyze the relative influence of roughness and dielectric changes on each 
parameter. Figure 1 shows the average H and V-polarized emissivity vs. a 0 for angles 
>30° and elevations below 6053.0 km. The H-polarized data represent a global average, 
while the V data are from 10 orbits for which the spacecraft was rotated about its axis. In 
this plot. Eh increases linearly with log(cr 0 ) over a wide range of radar brightness, while E v 
falls. These behaviors are attributed to the effects of roughness on both emissivity and 
radar backscatter. The rise in Eh and the decline in E v with greater roughness (higher a 0 ) 
are consistent with theoretical models for scattering and emission, which predict that, for 
angles >30° and dielectric constants below ~15, the rough-surface emissivity is 
approximately the average of the H and V plane-surface values [2]. 

Based on the observed behavior of E and a Q , a model was developed which treats each 
region within an antenna footprint as a checkerboard mixture of smooth and rough terrain. 
The surface is assumed to have a single dielectric constant within the footprint. With this 
"end-member" approach to the surface, we can use the SAR and emissivity data to derive 
values for the dielectric constant and "roughness fraction". This model, although dependent 
upon several assumptions, provides a first-order method for identifying areas which are 
tnily anomalous in their roughness/dielectric properties. 

MODEL RESULTS . The model was tested on areas for which Magellan incidence 
angles are >30° (54 N - 34 S). One obvious result is the lack of strong dielectric contrasts 
between the smooth plains and rough tessera, suggesting that the latter are simply deformed 
areas with essentially the same material composition as the plains. Most of the differences 
in plains emissivity fall along the best-fit E vs. a 0 line in Figure 1, indicating that these 
variations are also due to roughness. The planetary average dielectric constant is ~4.15, 
which lies between the values found in lab studies for rock powders (~2) and dense basalt 
(5-8) [3,4]. In regions below 6053 km radius, there are many localized instances of higher 
and lower dielectric constants. High dielectric values (6-8) are found in some crater floors 
and in most of the extended crater "haloes", consistent with earlier analyses of these 
features [5, 6]. These high values may be caused by loading of impact melt material with 
conductive mineral phases [7]. If such loading is the cause of the high dielectric constant, 
then the crater haloes must be young enough to avoid weathering of these minerals by the 
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atmosphere. Low dielectric values (2-3) are found in a few crater-related mantling deposits 
(most noteably east of Gula Mons) and in patches in the plains which may be more 
vesicular basalts or occasional accumulations of fine soil. The model dielectric results are in 
general agreement with those from the Magellan altimeter data, but appear to be more 
reliable in rough areas, where the Hagfors model breaks down. 

FTELD DIELECTRIC DATA . Laboratory measurements of rock dielectric constants 
exist for powdered samples and for polished sections of dense basalt, but there is little 
information on the in situ density or dielectric constant of typical pristine terrestrial lava 
flows. To fill in this gap, a portable 6-cm dielectric probe was used on 14 Hawaiian 
volcanic surfaces (lava, ash, and weathered soil). Preliminary analysis shows that: (1) 
many Hawaiian basalts are characterized by a vesicular upper layer 5-20 cm thick which 
significantly lowers the effective density in the region "seen" by the radar, and (2) the lava 
flows have dielectric constants of 2.0-3.3, intermediate between lab values for powders 
and dense rock. The nature of the surface glass coating and the presence of patches of 
oxidized material had little effect on the bulk dielectric properties. The average estimated 
dielectric constant of 4.15 for Venus suggests that this surface is typically less vesicular 
than that of Hawaiian volcanoes (consistent with the higher atmospheric pressure), and that 
the global soil density must be rather low. 

REFERENCES . [1] Pettengill, G.H., et al., JGR 97, 13091-13102, 1992. [2] Ulaby, 
F.T., et al.. Microwave Remote Sensing, Addison-Wesley, 1987. [3] Campbell, M.J., and 
J. Ulrichs, JGR 74, 5867-5881, 1969. [4] Ulaby, F.T., et al., Univ. Michigan Rad. Lab 
Rep. 23817-1-T, 1988. [5] Plaut, J.J., and R.E. Arvidson, JGR 97, 16279-16292, 1992. 
[6] Campbell, D.B., et al., JGR 97, 16249-16278, 1992. [7] Pettengill, G.H., et al., JGR 
93, 14881-14892, 1988. 



BACKSCATTER CROSS SECTION (dB) 


Figure 1. Average emissivity calculated for narrow bins of specific radar backscatter cross 
section (a 0 ) from Magellan data for Venus. Upper line is V-polarized emissivity from 10 
orbits; lower curve is H-polarized emissivity across entire planet from 54 N to 34 S 
(incident/emitted angle >30°). Areas above 6053.0 km radius excluded from averaging to 
avoid contamination by the very-high dielectric mountaintops. Note the linear rise in Eh 
between -22 and -9 dB, and the drop in E v over the same range. 
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MULTIPLE-WAVELENGTH LUNAR RADAR IMAGES: ANALYSIS OF REGOLITH 
PROPERTIES; Bruce A. Campbell, Ctr.for Earth & Planetary Studies, Nat. Air and Space 
Museum; B. Ray Hawke, Planetary Geosciences, Dept, of Geology and Geophysics, 
University of Hawaii. 

Earth-based radar observations offer views of the roughness and dielectric properties of 
the lunar regolith which are complementary to multi-spectral analyses of the upper surface. 
Improvements in data collection and analysis methods have provided new opportunities for 
application of radar images, and in this work we utilize controlled mosaics of Zisk's 3.8- 
cm radar maps [1], the 70 cm nearside map of Thompson [2], and a restored version of 
Thompson's 7.5 m wavelength lunar image [3]. Our goals are to: (1) study the nature of 
absorption and scattering in the mare and highland regoliths, (2) define the location and 
extent of cryptomare deposits identified from multispectral data, and (3) evaluate the need 
for additional earth-based observations at 3,12.6, and 70 cm wavelengths. 

One of the major geologic questions about the lunar maria regards their relative 
abundances of Fe and Ti oxides. Spectroscopic techniques have been developed which 
estimate Ti02 content from UV/Visible wavelength ratios [4, 5], but these methods 
typically can only separate the maria into a small number of broad classes. Uncertainties in 
die Ti02 estimates increase for "redder" mare units (<4% Ti02), and remote sensing 
evaluation of the Fe fraction in lunar soils is not well understood. Radar backscatter data 
provide a second means for estimating the FeO and TiC>2 content of the regolith. At 70-cm 
wavelength, the radar energy may penetrate several meters into the mare soil and be 
scattered from buried rocks or the sub-regolith lava flow surfaces. If we assume that the 
rock population does not vary systematically between the various mare units, then the 
differences in depolarized 70-cm echoes are a function of regolith attenuation and depth. 
This type of analysis was shown by Schaber et al. [6] to be useful in characterizing Mare 
Imbrium lava flows, and the availability of a calibrated nearside 70 cm map at 3-5 km 
spatial resolution makes it possible to compare the behaviors of many mare surfaces [2]. 
We coregistered the 70 cm map and a digitized version of the lunar color difference (0.61, 
0.37 pm) image [7], and compared the relative dn values in the two datasets for several test 
regions. Figure 1 shows the results of this preliminary analysis. There is a general 
correlation between radar backscatter strength and the "redness" of the mare units, 
consistent with the bluer regions having a higher proportion of FeO and Ti02 to absorb the 
radar energy. Higher Ti (bluer) surfaces have a wide range of radar backscatter values, 
while redder surfaces (higher color-difference dn) are limited to areas of high relative 
backscatter cross section. The departure of these parameters from a simple positive 
correlation may be useful in estimating the relative Fe and Ti abundances in mare soils. 

Earth-based observations and Galileo images have shown that there are large patches of 
buried "cryptomare" material, many of which can be found near Mare Humorum [8, 9]. 
The longest wavelength radar data are particularly useful in studying these areas, since they 
tend to have the longest regolith path length and are thus most sensitive to changes in 
absorption properties. At 7.5-m wavelength, there is a marked area of low return in the 
region surrounding Schiller and Schickard craters, and additional smaller low-return 
patches north of Mare Humorum. In the 70-cm data, these areas can still be identified, but 
the magnitude of the low is much smaller, possibly indicating that the areas of highest loss 
are several tens of meters below the surface. The 70-cm data also show a marked 
dichotomy in radar brightness between the eastern and western highlands in the southern 
hemisphere. The higher radar return from areas closer to the Orientale basin may suggest 
the presence of large rocks derived from the impact event [2]. Analysis of the distribution 
of bright areas and the cryptomare patches may provide insight on the depth of basin ejecta 
and the degree to which Orientale has modified die southwestern nearside. 
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These results suggest that there are important lunar science issues which could be 
addressed with future high-resolution earth-based radar images. The upgraded Arecibo 
telescope will provide 12.6 cm images at resolutions of a few 10's of meters, and 70 cm 
images at the 300-500 m scale. The potential of the new 12.6 cm data for geologic 
applications appears very promising [10]. Higher-resolution 70 cm data should permit 
detailed analysis of mare lava flow boundaries, cryptomare areas, and pyroclastic deposits. 


REFERENCES . [1] Zisk, S.H., et al.. The Moon, 10, 17-50, 1974; [2] Thompson, 
T.W., Earth, Moon and Planets, 37, 59-70, 1987; [3] Thompson, T.W., Icarus, 36, 174- 
188, 1978; [4] Pieters, C.M., Proc. LPSC 9, 2825-2849, 1978; [5] Johnson, J.R., et al., 
JGR 96, 18861-18882, 1991; [6] Schaber, G.G., et al.. The Moon, 13, 395-423, 1975; 

[7] Image by Whitaker, E.A., presented by Wilhelms, USGS Prof. 1348, 1987, page 98; 

[8] Hawke, B.R., et al., GRL 20, 419-422, 1993; [9] Head, J.W., et al., JGR 98, 17149- 
17182, 1993; [10] Stacy, N.J.S., PhD Dissertation, Cornell Univ., 1993. 
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FIGURE 1. Plot of average color-difference dn values (higher dn corresponds to redder 
surfaces) versus average 70 cm depolarized dn values (each dn value is a 0.5 dB change in 
echo power). Sample areas in Serenitatis, Crisium, Fecunditatis, Humorum, Imbrium, and 
Procellarum basins. 




LPSCXXV 


221 


SIDEROPHILE TRACE ELEMENTS IN SILICATE MELTS: SIGNIFICANCE 
AND STATUS OF UNUSUAL OXIDATION STATES C. J. Capobianco, J. A. DeAro, 
M. J. Drake and V. J. Hillgren, Lunar and Planetary Laboratory, University of Arizona, Tucson, AZ 85721 


Current status of zero-valent and other unusual oxidation states for siderophile elements in silicate melts is 
discussed. New data on melt speciation of Ag and Sn are presented. Data consistent with unusual effective valences for Sn 
of 1+ and 0 in Fe-bearing melts are given. Preliminary data for Ag in Fe-free melts can be fitted to the expected 1+ state but 
we cannot yet entirely rule out significant zero-valent speciation at low oxygen fugacity. 


Experimental evidence consistent with unusually 
low oxidation states for a variety of siderophile elements 
dissolved in silicate melts has been reported in several 
recent studies: Ir° by Amoss6 et al. (1987); Ni° by 
Colson, (1990), Steele et al. (1991), Colson, (1992), 
Ehlers and Grove, (1990), Ehlers et al. (1992) and 
Schmitt et al. (1989); Pd 1+ and Rh L5+ by Capobianco 
et al., (1992); Ir 2+ by O'Neill (1993); Pd 1+ by Borisov 
et al., (in press). The geochemical significance of such 
unusual speciation, particularly the zero-valent oxidation 
state, is discussed by Colson, (1992) and Capobianco et 
al. (1993). ’Uie presence of significant amounts of zero- 
valent species in silicate melts, a contentious issue, 
would produce greater than otherwise expected 
lithophility and incompatibility for the element during 
igneous processes. Such enhancements would be 
pronounced at high temperature or low oxygen fugacity 
and have been used to explain, for examples, Ni 
abundance in the mantle (Colson, 1992), Ni systematics 
from igneous systems on Earth (Morse et al., 1991) and 
the moon (Steele et al. 1992). 

Zero-valent Ir in silicate melts has been implicated 
in the geochemistry of the association of chromite 
bodies and platinum group elements (PGEs) by Amoss6 
et al. (1990 and 1992). Another hypothesis which does 
not necessarily involve zero-valent species, but which 
does recognize the importance of unusually low valence 
states for PGEs dissolved in silicate melt, has recently 
been suggested as an alternative explanation for the 
PGE-chromite association (Capobianco et al. in press). 

However there has been some skepticism about the 
amounts of these unusual species in melts, particularly 
with regard to the zero-valent species proposed for Ni 
and Ir. Independent studies by Capobianco and Amelin 
(1992 and in press), Holzheid et al. (1993 and in press) 
and Dingwell et al. (1993) have failed to confirm the 
presence of significant amounts of zero-valent Ni or Co 
in simple Fe-free silicate melts. Neither were O'Neill et 
al. (1993) convinced by their Ir solubility experiments 
in Fe-free silicate melts that zero-valent Ir played a 
significant role. 

On the other hand, for an Fe-bearing system in 
which a significant fraction of dissolved Ni® was 
inferred from an olivine-melt partitioning study by 
Ehlers et al. (1990, 1992) some corroboration is 
provided by a single datum in Steele et al. (1991). 

Zero-valent species must be present in any silicate 
melt having a finite activity of the element of interest; 
thermodynamics of partial molar entropies of mixing 


mandate it But whether the zero-valent concentration is 
ever an appreciable fraction of the total concentration of 
an element in a melt is a matter of chemistry over 
which opinions are unequally divided in the glass 
science and metallurgical literature, with those not 
believing in significant zero-valent speciation holding 
sway. 

Among the early proponents of significant zero- 
valent solubility is Weyl (1953) who likens the 
physiochemical mechanism to a "frozen metallic vapor." 
To set a bound on the concentration of such a dissolved 
vapor we can use the metallic vapor pressure of an 
element, say for example, Ni, to calculate the density of 
Ni vapor at 1550° C and 1 bar. If we then assume that 
this vapor is completely contained in a silicate melt, a 
concentration for the metallic vapor near 10 ppb is 
calculated. This amount of dissolved Ni° would amount 
to 10% of the total Ni concentration when the oxygen 
fugacity is approximately IW-8. Evidence for greater 
zero-valent concentrations than the above would imply 
that the zero-valent species is actually concentrated by 
the melt relative to the vapor and hence that there is 
some chemical stabilization of these species by the 
melt. 

Along these lines Montana et al. (1993) argued 
against noble gases, such as Xe and Ar, being dissolved 
as species merely occupying voids in the melt structure, 
instead they suggest that specific melt sites control the 
solubility. One might ask, if noble gases chemically 
interact with a silicate melt then why not neutral 
metals? 

Some indirect support for the presence of melt sites 
capable of housing zero-valent species comes from 
recent high P, T metal-silicate partitioning experiments 
of Walker et al. (1993) and Hillgren et al. (in press). 
They report decreasing metal-silicate partition 
coefficients for a variety of trace elements with 
increasing temperature. Although there may be other 
ways to explain this phenomenon, which was not 
anticipated from previous lower temperature metal- 
silicate experiments, enhanced solubility of zero-valent 
species at high temperature is one mechanism, as 
outlined in Capobianco et al. (1993). 

Moreover, Walker et al. (1993) interpret their data 
in terms of the "closing of the solvus" between metallic 
liquid and liquid silicate. If this was not simply an 
uncontrolled oxidation-reduction process during their 
experiment, then closing the solvus implies that the 
silicate liquid can accept metallic components in 
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abundance, carrying the implication that such sites are 
plentiful at high enough temperature. And unless there 
is some qualitative transformation of a melt as 
temperature is increased then lower temperature melts 
should also contain sites capable of housing zero-valent 
species. 

Because of the potential significance to 
geochemistry of zero-valent species in silicate melts a 
series of experiments is underway to try to reproduce the 
results of one of the better documented cases from the 
metallurgical literature (Richardson and Billington, 
1956) of zero-valent speciation of Ag in silicate melts. 
Fig. 1 plots our new solubility data for Ag versus 
oxygen fugacity. These data were measured using the 
electron microprobe from glasses equilibrated (at 1293® 
C for at least 16 hrs.) in AgPd alloy crucibles in a gas 
mixing furnace (using CO-CO 2 -N 2 -O 2 gas mixtures). 

Although these data are consistent with Ag 
dissolved as a 1+ species (see Schmitt et al. 1989 for 
explanation) the two most reduced runs are only 
marginally represented by the fitted univalent curve. 
Further experiments are underway to better quantify and 
extend the trend into more reducing conditions. 


Solubility 0 (Ag (Ag^Pda alloy) 
in Di-An-Fo eutectic molt at 1293° C 



logfo, 


experiments in which the oxygen fugacity is set by the 
Fe/Ni ratio of the metallic phase and its equilibration 
with the silicate. 

The effective valence of Sn clearly changes with 
oxygen fugacity in these series of runs. However, 
apparent, but not necessarily real, valence changes for 
trace elements can be produced if the oxidation of the 
element is controlled by other than the reduction of 
molecular oxygen, which is the formalism usually 
adopted. For example, if metallic Sn were oxidized by 
Fe 3+ in a system in which metallic Fe constrained the 
Fe^ + /Fe 2+ ratio (see Johnston 1964) then the Sn 
content of the melt, provided it was small, would also 
become buffered and independent of oxygen fugacity. 
Some process akin to this may explain the unusual 
flattening trend to the data in Fig. 2. 


Metal/silicate liquid 
partitioning of Sn at 1260° C 



Figure 2. Linear curve was fitted only to data above an 
oxygen fugacity of 10' 11 bars and was weighted by the 
reciprocals of the ±2o error bars. A slope of 
-0.28±0.02 is consistent with predominantly Sn I+ . 

Acknowledgment: NAGW 3348 and EAR93 03676. 


Figure 1. Fitted curve was constrained to a slope of 
0.25 and was weighted by the reciprocals of the ±2o 
error bars. Filled symbols represent glasses which 
contained finely dispersed metallic particles. 
Although analytical errors in such runs are larger the 
univalent trend seems to be generally followed despite 
the presence of these particles, except perhaps for the 
two lowest oxygen fugacity points. This suggests 
that the metallic particles may be quench features. 

We also present intriguing new data on Sn metal- 
silicate partitioning. Experiments which produced these 
data are part of a larger study to examine the metal- 
silicate partitioning of several chalcophile elements. 
However the results for Sn illustrate some novel melt 
chemistry attributable to a variable valence state for Sn 
in silicate melts. 

Metal-silicate partition coefficients for Sn are 
plotted in Fig. 2 versus oxygen fugacity. Experimental 
techniques which produced these data are identical to 
those in Hillgren (1991) and are evacuated silica tube 
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LOW-TEMPERATURE COOLING HISTORIES OF VIGARANO CAIs: CONSTRAINTS 
FROM COMPOSITIONS OF METAL PARTICLES; I. Casanova^ and L. Grossman^* 3 - ^Department 
of Geology, Field Museum of Natural History, Chicago, IL 60605-2496. ^Department of the Geophysical Sciences 
and 3 Enrico Fermi Institute, The University of Chicago, Chicago, IL 60637. 

Abstract. Study of metal particles in Ca-, Al-rich inclusions not only provides information about condensation 
of siderophile elements in the solar nebula but also about the low-T cooling history of CAIs through analysis of 
their kamacite and taenite. We studied metal in four CAIs from Vigarano (two Type Bl, Vig-1 and USNM 477-4; 
and two Type B2, Vig-2 and USNM 1623-8) as part of our work on the characterization of chemical compositions 
and inferred cooling histories of metal particles in CAIs from the reduced subgroup of CV3 chondrites (Casanova and 
Grossman, 1993a,b). Results suggest that metal from different inclusions cooled at different rates at subsolidus 
temperatures in localized zones of the solar nebula with different dust/gas ratios. 

477-4 is an oval (5.2x3.7 mm) CAI that consists of a melilite mantle (300-600 pm thick) and a 
fassaite+anorthite core, all enclosing spinel poikilitically. Spinel grains in the mantle are smaller (<20 pm) than 
those in the center of the inclusion (20-60 pm). Two large spinel-free islands (SFI) are present, one roughly 
spherical, 1 mm in diameter, and the other irregularly-shaped, 2x1 mm. The spherical SFI is enclosed in a palisade 
body (continuous, closed chain of spinel crystals) and consists of roughly equal proportions of melilite and fassaite, 
with no anorthite. The melilite crystals in this SFI have homogeneous cores but display normal zoning in the outer 
10-15 pm , where their compositions vary from Ak 5 i to Ak^5 outwards. Fassaite is compositionally identical to 
that in the main inclusion, displaying a constant Ti02 tot content of 9.0 wt% (Ti 3+ /Ti tot = 0.816±0.035). The 
°0ier SH consists of a large single crystal of melilite, homogeneous in composition (Ak^j.gg) with unzoned rims, 
poikilitically enclosing irregular grains of Al-rich pyroxene. Metal in the CAI is restricted to the 
fassaite+plagioclase+spinel-rich area, and makes up ~0.5 vol% of the whole inclusion. It occurs as generally well- 
rounded blebs that contain kamacite+taenite and occasionally have well-developed, continuous rims of Ca-phosphate 
(typically 1-3 pm thick). Only two of the 27 metal grains analyzed contain troilite, but in very minor amounts (two 
small inclusions of <1 and 2 pm). Bulk Ni and Co contents of the larger particles (>10 pm) determined by broad- 
beam analysis range from 24.5 to 27.8 wt% Ni and from 0.6 to 1.1 wt% Co. On the basis of their PGE (Ru, Os, 
Ir, Pt) concentrations, metal grains in this CAI can be subdivided into two groups: one with 0.2 wt% Ru, 0.2 wt% 
Pt, and Os and Ir <400 ppm each, and another with 0.2 wt% Ru, 0.5 wt% Pt, 0.1 wt% Os and 0.1 wt% Ir. There is 
no clear correlation between bulk Ni and PGE contents of the particles. Detailed microprobe traverses across 
kamacite-taenite lamellae on grains large enough for accurate analysis (typically >15 pm) show that all analyzed 
taenite grains have flat profiles, with concentrations between 30.3 and 31.2 wt% Ni; we have observed neither M- 
shaped Ni profiles in taenite grains nor PGE concentrations of a few wt% in the metal, both of which were reported 
by Caillet et al. (1988a) in their study of Vigarano 477B, another section of the same CAI. Kamacite exsolution is 
generally well-defined, with some grains displaying sets of 2-4 lamellae reminiscent of a Widmanstatten pattern. In 
the smaller grains, however, kamacite nucleates at the interface between the metal grain and its silicate host. Only 
one FeNi grain (1pm) has been identified in the interior of the larger melilite-rich SFI. EDS analysis reveals that its 
bulk major element composition is identical to the metal in the rest of the CAI (Fe 72 Ni 26 Coi). 

Vig-2 is a comma-shaped fragment of a Type Bl inclusion, previously described by Simon and Grossman 
(1991). The metal is not as abundant as in 477-4 (<0.1 vol%), although texturally and compositionally it is very 
similar to the latter. The FeNi in this inclusion is also concentrated in the spinel+fassaite+plagioclase core, with 
only a few small particles in the melilite mantle. Metallic grains are usually well-rounded and display well-defined 
kamacite+taenite exsolution, although well-developed, Widmanstatten-like sets of kamacite lamellae were not found. 
Bulk compositions of single metallic grains range from 26.0 to 29.0 wt% Ni, 0.8-2.1 wt% Co, 0.1-0.3 wt% Ru, 
<400 ppm-0.6 wt% Os, <400 ppm-0.3 wt% Ir, and 0.1-0.5 wt% Pt. Unlike 477-4, however, there are no clearly 
distinguishable compositional groups among the metal particles in Vig-2. Microprobe traverses across kamacite- 
taenite grains show flat Ni profiles in the taenite at 32.0-33.1 wt%, and in kamacite at 5.0-6.1 wt% Ni. 

The silicate mineralogy and chemistry of 1623-8 was studied by MacPherson and Davis (1993), and Casanova 
and Grossman (1993b) reported preliminary results on its metallic fraction. We have extended this study to fully 
characterize 19 metal particles. There are two compositionally distinct populations of metal in 1623-8. One is 
represented by 15 well-rounded FeNi grains similar in composition to Ml, described by Casanova and Grossman 
(1993b). Their bulk compositions range from 23.1 to 29.0 wt% Ni and from 0.9 to 2.0 wt% Co, depending on the 
kamacite/taenite ratio. Total PGE contents are 4-5 wt%. Taenite in these metal grains shows flat Ni profiles, with 
contents in the interior of different crystals varying between 30.3 and 33.1 wt% Ni. The other 4 metal particles are 
very rich in PGE, with bulk compositions of 10 wt% Ni, 0.4 wt% Co, 0.6 wt% Re, 0.5 wt% Pt, 6.2-7.0 wt% Ru, 
4.0-4.3 wt% Os, and 7.5-8.0 wt% Ir, similar to that of M2 (Casanova and Grossman, 1993b). They are irregular in 
shape and monomineralic. 

Vig-I is a complex Type B2 inclusion that contains palisade bodies that did not equilibrate with the CAI liquid. 
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and abundant alteration products (Simon and Grossman, 1991). Unlike 477-4, Vig-2 and 1623-8, the metal particles 
in Vig-1 contain numerous Ca-phosphate grains, <1-3 |xm in size, sprinkled throughout the metal and, rarely, 
forming rims around it These phosphate grains are most likely pseudomorphs of phosphide grains that exsolved 
from the metal and were later oxidized and reacted with Ca-rich minerals from the silicate host. Broad-beam analysis 
of bulk compositions of metal particles yielded consistently low totals (89-94 wt%), probably due to inclusions 
(commonly phosphate and occasionally an Fe-rich phase, possibly magnetite) and, consequently, grain boundary 
effects. Bulk Ni and P contents are 20.5-37.1 and <0.02-0.15 wt%, respectively. The bulk PGE contents range 
typically from 0.1 to 0.9 wt% Ru, <400 ppm-0.5 wt% of each of Os and Ir, and 0.2-0.6 wt% Pt. Kamacite and 
taenite are intergrown in submicron-to-micron-sized, plessite-like domains, and do not display clear grain boundaries 
as in the other CAIs. Nickel contents in taenite and kamacite (determined by point analyses with good analytical 
totals) are quite variable from grain to grain, showing ranges of 37.2-42.5 and 4.S-6.5 wt%, respectively. 

Discussion. The solidus temperature of the silicate assemblages that host the metal is -1200'C (Beckett, 
1986). This precludes the possibility that the subsolidus cooling history of the metal is relict since kamacite and 
taenite intergrowths would have dissolved in one another in a few minutes at CAI solidus temperatures. For instance, 
given a diffusivity for Ni in ot-FeNi at 1200*C of 10’® cm■ see 1 (Dean and Goldstein, 1986), a 10 pm kamacite 
grain would completely dissolve in approximately 8 minutes. Since the volume fraction of metal (<1%) is small, 
cooling of the FeNi particles was controlled by that of their host inclusions. Thus, the thermal history of the metal 
reflects the cooling history of the CAI at T<600*C. The well-developed kamacite+taenite lamellae and the flat Ni 
profiles of the taenite grains in 477-4, Vig-2 and 1623-8 indicate equilibrium crystallization at temperatures between 
-600 and 500*C (corresponding to Ni contents in the bulk particles and in the taenite of 23-28 and 30-36 wt%, 
respectively). Attainment of equilibrium requires slow cooling at metal subsolidus temperatures. Although the 
influence of minor elements in Fe-Ni interdiffusion is not known, we assume that the amounts of PGEs in the metal 
particles of 4774 and Vig-2 (total PGEs <lwt% in all cases) have no significant effect on cooling rates calculated on 
the basis of Fe-Ni interdiffusion alone. The observed flat Ni profiles in taenite may be achieved through either (1) 
slow cooling at a rate of at most 50-100 deg/Myr (based on cooling rate curves by Saikumar and Goldstein, 1988) at 
temperatures -600-500'C and subsequent fast cooling (to prevent further enrichment of Ni in taenite) or, (2) fast 
cooling to low temperatures followed by reheating (to —500*C) and subsequent quenching of the alloy. In either 
case, a long (maybe multi-stage) subsolidus cooling history for 4774, Vig-2 (and perhaps 1623-8) is necessary (on 
the order of 10^-10® yr, as estimated by Caillet et al. 1988b) 

On the other hand, the observed variability of Ni contents in taenite among metal particles in Vig-1 suggests 
non-equilibrium cooling at subsolidus temperatures. The taenite crystals in a single particle are homogeneous, but 
vary in composition from particle to particle. Since all of the particles consist of kamacite + taenite, the 
composition of taenite formed by equilibrium cooling would be controlled by the final closure temperature, and all of 
the taenite grains would have similar Ni contents. The metal particles in the other CAIs discussed above all 
underwent equilibrium cooling at T~500*C and the taenite in each exhibits only a small range of Ni contents (0.9 
wt% in 4774, 1.1 wt% in Vig-2 and 2.8 wt% in 1623-8). The taenite grains in Vig-1, however, show a 5.3 wt% 
range in Ni content. If the taenite grains in Vig-1 cooled at equilibrium, then different equilibration temperatures 
(between 400 and ~250 # C) would be required for different particles in the same CAI. This is not plausible and 
implies that the compositional variability in Vig-1 taenite is due to non-equilibrium crystallization of kamacite and 
taenite. The cooling history of metal in Vig-1 is, consequently, very different from that of the other CAIs. 

To reconcile the different cooling histories indicated by metal in the CAIs studied here, two different scenarios 
may be proposed; (1) the inclusions cooled at different depths in the Vigarano parent body (Vig-1 near the surface and 
the others at -20 km in a 100-200 km radius parent body), or (2) cooling of the CAIs occurred in different nebular 
environments at different rates. The first hypothesis would imply breakup and reassembly of the Vigarano parent 
body (or breakup of another one, fragments of which accreted later onto Vigarano), in order to mix materials cooled 
at different depths. It is difficult to envision, however, how the highly unequilibrated nature of the Vigarano silicates 
and volatile content of its matrix could be maintained at ~500°C for at least several thousand years, the conditions 
required for the slowly cooled metal grains. Instead, we favor nebular cooling, as such conditions may be possible if 
high dust/gas ratios existed in localized regions of the solar nebula . TTie materials that accreted to form Vigarano 
probably came from a variety of nebular environments with different thermal histories, perhaps regions with different 
opacities due to different gas/dust ratios. 

REFERENCES; Casanova I. and Grossman L. (1993a) LPSC XXTV: 257-258. Casanova I. and Grossman L. 
(1993b) Meteoritics 28: 335. Simon S.B. and Grossman L. (1991) LPSC XXII:1261-1262. Caillet C., MacPherson 
G.J. and El Goresy A. (1988a) LPSC XIX: 156-157. Caillet C., Goldstein J.I., Velde D. and El Goresy A. (1988b) 
Meteoritics 23:262-263. MacPherson GJ. and Davis A.M. (1993) GCA 57:231-243. Beckett J.(1986) Ph.D. Thesis, 
University of Chicago. Zanda B. (1992) LPSC XXIII: 1569-1570. Dean D.C. and Goldstein J.I. (1986) Met. Trans. 
17A:1131-1138. Saikumar V. and Goldstein J.I. (1988) GCA 52: 715-726. 
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Craters and their associated deposits provide a valuable means by which the properties of near-surface 
materials, particularly postulated sub-surface ice, may be examined (1). It is becoming increasingly ap¬ 
parent that the presence of a tenuous atmosphere may also have influenced the cratering process on Mars 
(2,3). It is difficult to evaluate the importance of atmospheric volatiles, however, because of the likely 
presence of a planet-wide ground-ice (4 and references therein) which is thought responsible for many of 
the characteristics of large martian craters, including rampart ejecta and central pits (1,5). Recent theo¬ 
retical and experimental data (3) have further challenged the traditional interpretation of martian impact 
craters, having demonstrated the ability of atmospheric gases to produce fluid-like ejecta emplacement, 
and an evaluation of the importance of such processes on Mars from observational data is now required. 

In previous work a database of over 7000 impact craters within a region roughly centered on Elysium 
was created from Viking data and analysed to investigate the distribution of martian ground-ice within 
this region by the variation of ejecta mobility and morphology with crater diameter, geology, latitude 
and altitude (6,7). The research indicated that sub-surface ice is likely to influence ejecta morphology 
strongly: the concentration of the postulated ice apparently varies according to the geological situation 
of an area, while its near-surface limit is latitude-dependent. This interpretation is strengthened by the 
observed distribution of other potentially ice-related landforms in the region, and theoretical predictions 
of ice-stability. The ejecta of many small craters, however, indicate signs of fluid-flow emplacement, and 
possible altitudinal trends in the variation of ejecta mobility of small and large craters were detected. 
Further analysis of this database and the re-evaluation of a globally comprehensive crater database is now 
underway in order to achieve a comprehensive assessment of the relative importance of atmospheric and 
sub-surface volatiles in the cratering process on Mars. 

Conclusions from analysis of Elysium impact craters to date: 

The initial analysis of the Elysium database (covering longitudes 245°-155° and latitudes 20°S-45°N) 
demonstrated that the ratio of ejecta diameter to crater diameter increased with increasing crater diameter. 
When the characteristics of sub-sets of the data were examined it was apparent that this increase in the 
ratio of ejecta to crater diameter, and hence increase in the mobility of the ejecta during their emplacement, 
generally occurred as a discontinuity (or break-point) at different diameters for different sub-sets of the 
data. A statistical technique was devised to locate the onset diameters of the enhanced ejecta mobility for 
datasets sorted by latitude, altitude and geological unit of the craters. The gradients of the data below 
and above the located break-points were taken as a measure of the ejecta mobility, and the percentages 
of craters with certain morphologies smaller and larger than the relevant break-points were determined in 
each case. This technique allowed the characteristics of craters which excavated material from the upper 
and lower parts of the martian sub-surface to be considered independently, and thus enabled a detailed 
prediction of the location of sub-surface ice at different depths to be made. A clear latitudinal trend in 
the depth of sub-surface ice was apparent in this region, despite the diversity of the surface units and the 
inferred concentration of the postulated sub-surface ice was shown to be consistent with the distribution 
of other geological features. 

The importance of atmospheric and elevational variations was less clear, particularly since, in places, 
there were almost simultaneous variations in altitude and latitude. Within the Elysium study region there 
was some indication that craters of different sizes are differently influenced by the atmosphere, but further 
investigation is needed to verify and explain this observation. An important atmosphere-related implication 
arises from the observation that the various types of rampart ejecta occur at a wide range of altitudes, 
».e., the formation of ejecta which shows signs of a fluid-like emplacement is not strongly influenced, or 
limited by the altitude of the target. This implies that either the atmosphere was previously more dense 
or that the flow-inducing processes are not highly critical upon atmospheric pressure. Alternatively, the 
results may indicate that any atmosphere-related emplacement mechanism within the region studied was 
negligible when compared with the ground-ice induced flow. 
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Caution must be exercised in extrapolating these observations to Mars as a whole, however, because of 
the complexity of the study region, its particular location, and the limited accuracy of the craters’ altitude 
estimates. An examination of the crater characteristics of other areas of Mars where either latitudinal or 
altitudinal variations are limited will provide further information on the relative importance of the two 
factors. 

Current research on Elysium and global impact craters 

The extended analysis of the Elysium database is concentrating on the variations of the detailed char¬ 
acteristics of the more common morphological types of crater in order to evaluate existing models of their 
formation. Owing to the complexity of the region a natural extension of this investigation is to display the 
average morphological characteristics in a 2-D grid (of variable dimensions and minimum crater diameter) 
for all craters in the region in order to show their spatial distribution and onset diameters. This approach 
will highlight any unusual concentrations of particular crater characteristics which may have influenced 
the systematic analysis, and hence may either have contributed to or masked any altitudinal trend. 

It is important also to consider the global variation of impact crater characteristics. A major database 
by Barlow (e.g. 8) contains compatible data on the morphology, dimensions and latitude and longitude of 
all martian craters over 5 km in diameter. An estimate of the altitude of each crater will be incorporated 
into this database, using the geographical coordinates of the craters’ locations and digital topographic 
data. This global crater database will then be analysed in a similar fashion to that used by Cave (6,7), 
which will allow the determination of underlying morphological trends in a wider variety of latitudes and 
terrain types. (The potential problem of the exclusion of the smallest craters from this global database will 
receive careful consideration, as it may not be possible to locate break-points accurately for all data sets.) 
To eliminate some of the ambiguity of the suggestions of altitude-related variations in ejecta morphology, 
the characteristics of craters will be examined as a function of altitude and of latitude for single, reasonably 
homogeneous geological units. 

Targeted studies of impact crater characteristics are also being carried out in regions of specific inter¬ 
est, such as volcanic regions (9), using the highest resolution Viking images. It is anticipated that the 
combination of local, regional and global studies will facilitate a comprehensive assessment of the relative 
contribution of atmospheric and sub-surface volatiles to the observed variations in martian impact crater 
morphology. 
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The distribution of impact crater characteristics and a number of other features imply the previous 
presence of ground-ice at depth within the Elysium lavas (unit Aeli [1]) and nearer the surface of the 
hummocky deposits to the northwest of Elysium Mons (unit Ael 3 [1])(2,3). It has been suggested that 
the inferred ice-distribution resulted from the concentration and subsequent redistribution of ground-ice 
(which possibly included an amount of juvenile water) as a consequence of local volcanic activity (2). In 
order to investigate this hypothesis further, and to determine whether the impact crater characteristics 
are unique to the Elysium province, a survey of impact crater morphology on all major martian volcanoes 
is in progress. 

Ice in the Elysium volcanic region 

Craters exhibiting central pits, double ejecta, partial extra ejecta lobes, jagged edges and high ejecta 
mobility may indicate the presence of ground-ice at the time of their formation (4). High proportions 
of these features generally occur in large craters (of over 9.4 km in diameter) within Elysium lava unit 
(Aeli), suggesting that substantial quantities of ice were present at depth. In comparison, the near-surface 
layers of this unit appear relatively ice-poor: in particular, radial ejecta craters and a low average ejecta 
mobility are associated with Elysium Mons itself and areas immediately surrounding the construct (2). 
Further evidence suggesting the presence of an ice-rich layer capped by ice-poor material is provided by 
the signs of chaotic breakup of the surface to the west and north of Elysium Mons, and the concentration 
of outflow channels to the northwest. In addition, the deposits associated with these channels have been 
shown to be rich in ice (2), and to have morphologies consistent with their emplacement as lahars (5). 
Within the region studied here, with the exception of Hebrus Valles, the channels with Lowland sources are 
closely associated with Elysium Mons. This work has provided further evidence that this association is not 
coincidental, and strongly suggests that, in the case of this volcanic province, juvenile water contributed 
to the formation of a substantial sub-surface ice reservoir. 

Implications for other martian volcanoes and crater formation 

The strong correlation between the impact crater characteristics and the individual Elysium volcanic 
units is of relevance to the interpretation of the nature of volcanic materials and the causes of various 
impact crater morphologies. In particular, it is difficult to determine if the observed differences in crater 
morphology are due to a variable concentration of ice in differing geological situations or whether the 
physical nature of the rock could itself influence the ejecta range. While the interpretation that the 
morphological characteristics of small craters on the Ael 3 unit are the result of impacts into near-surface 
ice-rich deposits appears reasonable, it must be remembered that this rock-unit may have been particularly 
friable, and as such may have been strongly affected by atmospheric emplacement mechanisms (6) or other 
causes of fluid-like emplacement of ejecta (4). It is important, therefore, to consider the nature of impact 
craters on other maxtian volcanoes, and their associated deposits, some of which may have similar physical 
properties to the Elysium geological units. 

The martian volcanoes are potentially useful targets for the detailed analysis of target nature implica¬ 
tions for the formation of impact craters owing to their restricted size (each covering a limited range of 
latitude) and relatively homogeneous composition when compared with more expansive geological units. 
In addition, the volcanic constructs are of varied age, eruptive style and geographical location (7), which 
will enable useful comparisons between individual volcanoes, and types of volcano to be made. A com¬ 
prehensive analysis of the characteristics and dimensions of impact craters on all major volcanoes is now 
underway using a classification scheme and techniques developed by Cave (2,3). The analysis will include 
all impact craters of 2 km diameter and over, and will simultaneously consider general and small-scale 
characteristics of the volcanoes. The project aims to determine whether target material (such as lava and 
ash deposits), the possible presence of ground-ice, volcano age, latitude or altitude has had the greatest 
influence on both interior and exterior impact crater morphology. 
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This approach will yield information on whether the nature of the rock or the depth and concentration of 
sub-surface ice is the more important in determining the resultant crater morphology, and will also address 
the potential importance of volcanic activity in the generation and evolution of martian ground-ice. 
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EVIDENCE FOR EPISODIC TECTONIC CONSTRUCTION OF OVDA REGIO, VENUS; D. John 
Chadwick and Gerald G. Scbaber, U.S. Geological Survey, Flagstaff, AZ 86001 

Terrestrial continents grow laterally by the impingement of exotic terranes transported by the crustal 
movements of plate tectonics. Terrestrial-style plate tectonism apparently does not exist on Venus today [1], but 
significant lateral crustal movement has produced the linear fold and thrust belts that border many of the 
Venusian upland tesserae and Lakshmi Planum. 

The cratering record on Venus suggests that the lowland areas of the planet were completely resurfaced 
by volcanism at about 0.3-0.5 Ga, and that subsequent volcanism was comparatively minor [2-4], Thermal 
models suggest that Venus may have undergone such "catastrophic" resurfacing several times [5], The 
distribution of the entire crater population is consistent with a statistically random one, both spatially and 
hypsometrically [3,4]. The highland tesserae regions of Venus must also have been resurfaced, largely by 
tectonism but supplemented by volcanism, during the same period as the volcanic resurfacing on the plains. 
Although all evidence of older resurfacing of the lowland plains was likely buried by the most recent 
resurfacing, the high elevation of the tesserae would have prevented inundation and may have preserved tectonic 
and volcanic evidence of older periodic global resurfacing episodes. 

In this study, we are investigating Ovda Regio, a highland tessera region in the western part of 
Aphrodite Terra. Elevation of the tessera ranges from 1 to 4 km above surrounding Aino and Niobe Planitiae. 
Ovda is divided into two tectonic domains distinguished by the dominant trend in their compressive structures 
(Fig. 1). The western domain has experienced dominantly NNW-SSE compression; the eastern domain, mostly 
NH-S W and E-W compression. Each domain is subdivided into several subregions, based on the presence, 
abundance, and orientations of various lineaments, grabens, and folds. The tectonic fabric in the four western 
subregions appears to grow increasingly complex toward a central "core" region of the tessera. Two subregions 
to the north and one to the south are less complex, with the northernmost domain a relatively simple fold and 
thrust belt crosscut by orthogonal grabens. The western domain is bounded on the south by lx Chel Chasma, an 
extensional rift. The eastern domain is divided into five subregions that also appear to grow in complexity 
toward an interior core (Fig. 1). One subregion to the west of this central region is composed of simple fold and 
thrust belts. To the east, three subregions whose tectonic complexity decreases progressively with distance from 
the core region. The eastern domain in bounded on the south by Kuanja Chasma. 

We propose that the increasingly complex tectonic fabrics of discrete subregions in these two domains 
with distance from their tectonically simple and apparently young border-parallel fold and thrust belts suggest 
that Ovda Regio has been built in a piecemeal fashion, with fold belts adding to the lateral extent of the tessera 
during periods of high planet-wide tectonic and volcanic activity. The development of the fold belts may have 
accompanied downwelling and subduction under the tessera, as described by [6], Interior subregions still contain 
border-parallel folds that are crosscut by younger grabens and possible strike-slip faults, suggesting that they 
were once simple fold and thrust belts like those now on the periphery of Ovda. In this model, interior 
subregions are "older" in the sense that they have existed as highlands for a longer period than other subregions, 
but extension within them has maintained a statistically random crater population on the tessera, as has 
volcanism on the plains. Crater destruction on the tessera is likely supplemented by volcanism; about 15% of 
Ovda is covered by relatively young volcanic deposits (Fig. 1). 

In the youngest fold belts, a system of grabens-all orthogonal to the folds-has overprinted them. This 
pattern is similar to that in the Himalayas, where north-trending grabens have crosscut the east-trending mountain 
belts. Mercier and others [7] suggested that a change from compressive to extensional tectonism in the 
Himalayas in the late Miocene was the result of the change of the maximum principal stress direction from 
horizontal to vertical, due to the increase in the vertical principal stress caused by the weight of the elevated 
mass. In Ovda Regio, some subregions appear to have undergone several phases of such gravitational extension; 
m many cases, all traces of the original compressive fabric are gone. It is also possible that these core regions 
were once large, silicic, festoon flows, similar to the large flows south of Aphrodite Terra and atop Ovda itself, 
which are 400 m to 1.1 km high [8], Such silicic piles would thicken the crust and behave as strain magnets, 
localizing compression during resurfacing events. 
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References: [1] Solomon, S.C., and others, 1992, J. Geophys. Res., 97, E8, 13,199-13,255; [2] Schaber, G.G.^ 
and others; 1992, J. Geophys. Res., 97, E8, ,13,257-13,301; [3] Strom R.G., Schaber, G.G., and Dawson, D.D., 
in press, J. Geophys. Res.; [4] Strom, R.G., Schaber, G.G., and Chadwick, D.J., this conference; [5] Arkant- 
Hamed, J., Schaber, G.G, and Strom, R.G., 1993, J. Geophys. Res., 98, E3, 5309-5315; [6] Lenardic and others, 
1993, J. Geophys. Res., 98, E10, 18,697-18,706; [7] Mercier and others, 1987, Tectonics, 6, 3, 275-304; [8J 
Moore, H.J., Plaut, J.J., Schenk, P.M., and Head, J.W., 1992, J. Geophys. Res. 97, E8, 13,479-13,493. 



Figure 1. Sketch map of Ovda Regio, showing subregions in the western domain (C, IN, IS, 2N) and eastern 
domain (C, 1W, IE, 2E, 3E). The core regions (C) have the most complex tectonic fabrics, whereas subregions 
near the borders (2N, IS, 3E, 1W) of the domains are relatively simple fold and thrust belts. Border-parallel 
folds are largely destroyed by grabens but still visible in subregions IN, 2E, and IE, suggesting that they were 
once on the periphery of Ovda. The same number in different subregions (i.e. IN, 13V, IS, and IE) does not 
necessarily imply the same age for these subregions. "T" denotes small, complex tessera blocks that are 
apparently entrained in the fold belts. An asterisk (*) shows areas where volcanic deposits, coronae and 
arachnoids have masked the tectonic pattern of the tessera. Dashed lines denote buried contacts between 
subregions. 
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REFINED VOLCANIC AND TECTONIC HISTORY OF THE VALLES 
MARINERIS, MARS; D. John Chadwick, Gregory J. Leonard, and Kenneth L. 
Tanaka; U.S. Geological Survey, Flagstaff, AZ 86001 

The early formational history of the Valles Marineris must be largely deduced 
from the crosscutting relations of structures to surrounding plateau materials that can 
be dated, because mass wasting within the chasmata has erased craters that could have 
been used to determine relative ages. Previous crater counts [1] were not 
comprehensive, not taking full advantage of areas available for counting. We have 
performed more complete crater counts, based on the mapping of [1], for all larger units 
surrounding the Valles Marineris (Figure 1). These counts (Table 1) were made from 
the Mars Digital Image Mosaic (at a resolution of 231 m/pixel). We counted all craters 
larger than 2 km in diameter; however, our relative ages are based on densities of 
craters larger than 5 km because of their better preservation. Our results indicate 
extensive formation of smooth lava plains during the Late Noachian and Early 
Hesperian that waned in the Late Hesperian. Following wrinkle-ridge development, 
Valles Marineris faulting began in the later part of the Early Hesperian and continued 
into the Late Hesperian. Pit and trough formation primarily occurred during the Late 
Hesperian, at about the same time as the formation of the outflow channels that adjoin 
the Valles Marineris [1]. A brief history of the region follows. 

Late Noachian: The oldest units adjacent to the Valles Marineris were probably 
flood basalts (units Q, P, and N, Figure 1), which were later deformed in places by 
grabens of several orientations that generally do not parallel the chasmata. 

Early Hesperian: Flood basalts continued to be emplaced, embaying and partly 
burying the Noachian units. Wrinkle ridges then deformed the Noachian and 
Hesperian plains units, except for units E and F, where wrinkle ridges either did not 
form or were buried by later Lower Hesperian units. In later Late Hesperian time, faults 
and grabens began to form that are parallel to the present chasmata (in units E, F, and 
N), perhaps signalling incipient formation of the chasmata. 

Late Hesperian: Emplacement of smooth plains units continued, though 
confined to the western part of the map area and locally near the chasmata. Note the 
progressive decrease in age from unit Q to J to B, suggesting either a waning of 
Tharsis-centered volcanism or a shift in source region with time. Faulting parallel to the 
Valles Marineris continued, perhaps more intensely than in the Early Hesperian. Pit 
crater chains and catenae, possibly indicative of the onset of collapse in the Valles 
Marineris, first appeared in the Late Hesperian. No partly buried catenae are visible in 
Upper Hesperian plains units, and catenae are developed equally well in Upper and 
Lower Hesperian units. Mass wasting of the chasmata walls, collapse, and minor 
tectonism probably continued into the Amazonian. 

The appearance of grabens and faults that parallel the Valles Marineris in the 
Early Hesperian suggests that the chasmata began to develop at this time, but the 
apparent greater number of grabens and faults and the onset of catenae formation in 
the Late Hesperian suggest that most of the tectonism and collapse in the Valles 
Marineris took place in the Late Hesperian. 


Reference: [1] Witbeck et al., 1991 USGS Map 1-2010. 
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Table 1 Cumulative crater densities and relative ages of geologic units in 

the Valles Marineris region of Mars. 

Geologic unil^ 

Symbol 

Crater density 2 

_ m _ 

Area 

(km^) 

Possible age range 3 

Likely age 4 

Upper member 

A 

Hsu 

Syria Planum Formation 

86±31 92,624 

UH/LA 

UH 

B 


119±32 

117,342 

LH/UH 

UH 

Younger fractured material 

C 

Hf 

Plateau units 

71±50 28,085 

UH/MA 

UH 

D 


106±40 

66,029 

LH/LA 

UH 

E 


153148 

65,223 

UN/UH 

LH 

F 


164147 

73,069 

UN/UH 

LH 

Smooth unit 

G 

Hpl3 

110139 

72,568 

LH/UH 

UH 

H 


273154 

95,221 

UN 

UN 

I 


3321105 

30,079 

MN/UN 

UN 

Ridged plains material 

J 

Hr 

155140 

96,860 

LH/UH 

LH 

K 


147143 

81,381 

LH/UH 

LH 

L 


163131 

165,404 

LH 

LH 

M 


190131 

200,091 

UN/LH 

LH 

N 


218+34 

183,864 

UN/LH 

UN 

Subdued cratered unit 

O 

Npl2 

122155 

40,846 

LH/UH 

UH 

P 


210163 

52,405 

UN/LH 

UN 

Ridged unit 

_Q_ 

Nplr 

234157 

72,800 

UN/LH 

UN 


^Units from Witbeck et al. (1991). 2 Number of craters larger than 5 km in diameter per million square kilometers. 


3Based on Tanaka (1986); reflects both material and modification ages. A = Amazonian, H = Hesperian, N - 
Noachian; U = Upper, M = Middle, L = Lower. 4 Based on crater densities and superposition relations. 
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WAX MODELING OF THERMAL EROSION IN LOW-VISCOSITY LAVA 
FLOWS ; D. Challis, S. Williams, and R. Greeley, Department of Geology, Arizona Sate University Temve 
Arizona 85287-1404 * ' 

Summary: Potential thermal basal erosion of lava channels is greater beneath lava flowing under turbulent as 
opposed to laminar conditions because internal heat transport outward is much greater. This study assessed the 
qualitative differences in erosional features produced by hot fluid flows over a bedrock modeled by polyethylene 
glycol (PEG) wax. Erosion rates increased as the flow transitioned from laminar to turbulent conditions, but there 
was little change in erosional morphology until higher flow regimes were attained, in which irregular scallops were 
cut into the channel floor and sides. 

Background: Lava flows can enlarge their channels by purely thermal erosion or by a combination of thermal and 
mechanical erosion. On Earth, thermal erosion has been observed in carbonatite flows [1] and has been inferred to 
occur at the base of komatiites [2], but has not been observed during active basalt flow emplacement. 
Thermomechanical erosion has been invoked for the formation of lunar sinuous rilles [3, 4] and long venusian 
channels [5], In general, long sinuous channels suggest emplacement by a low-viscosity, rapidly-flowing fluid, but 
this raises a dilemma. The low flow viscosity implied by long flow distances implies that flow conditions were 
likely to have been turbulent, yet turbulence significantly increases the rate of internal heat loss, making long flows 
less likely. A turbulent flow may erode thermally more efficiently than a laminar flow because there is only a thin 
sub-laminar layer between the ground and the hottest fluid and there is a large quantity of heat being delivered to the 
top of the thermal boundary layer by the internal turbulence of the flow. There is a sharp temperature gradient over a 
short distance , the temperature at the flow/ground interface is above its solidus, and the ground melts. In a laminar 
flow the hottest part of the fluid is in the center of the flow, thus, the temperature gradient traverses a longer distance 
for the same flow thickness. The temperature at the ground interface is lower, making it harder to rise above the 
ground's solidus and so, basal melting is less certain. Even so, there was sufficient heat available in the 1988 
carbonatite eruption to cause basal erosion, even though the flow was laminar [1], This study focuses on modeling 
low viscosity lavas and whether turbulent conditions lead to thermal or thermomechanical erosion. The resulting 
morphologies are assessed for forms that are sufficiently different to be detectable in nature. 

The assessment of terrestrial flow regimes utilizes two dimensionless parameters, the Reynolds number 
(Re) and the Froude number (Fr). Re is the ratio of the inertial forces acting on a given parcel of fluid to the internal 
viscous forces within the fluid that resist flow. A rule of thumb for open channel flows, is that when Re<500 the 
flow is fully laminar and when Re>2000 the flow is fully turbulent. Fr is the ratio of the inertial to gravitational 
forces acting on the flow. At Fr<I, gravity forces are greater than inertial forces, the fluid's surface is relatively 
undisturbed and the flow is considered "tranquil". At Fr>l, standing waves and other features may occur and the flow 
is said to be rapid [6]. Terrestrial basalts and komatiites have Fr<l and are, hence, tranquil flows at most places in 
their channels. The wax flow speeds required for turbulent flow also produce an Fr>l; future modeling is required to 
assess thermal erosion under modeled tranquil flow conditions. 

Procedure: Polyethylene glycol (PEG) waxes have been used to imitate lavas in several studies [2, 7, 8,9]. PEG 
has been used before because it is a Bingham non-Newtonian fluid and it can form surface crusts under prevailing 
laboratory conditions. Several different weights of PEG were used in this study, including water and a 50% 
water/PEG 200 mixture, in order to simulate lavas of different viscosities. The model lavas were extruded into 
rectangular channels (3 cm deep x 6 cm wide x 170 cm long) in'a base of solid PEG 3350. Test runs of different 
waxes were made with varying temperatures and slopes in order to cover the widest possible ranges of Re and Fr. 
Erosion runs were then made at a flow temperature of 100° and a slope of 10° for maximum thermal erosion and Re 
(see Table 1). Flow depths were measured along the length of the channel during a run and the surface flow velocity 
was measured by motion picture analysis. 

Results: All runs produced erosion of the original channel. However, there were distinct differences in erosion rate 
and channel morphology with increasing Re. PEG 3350 (the most viscous wax) produced an Re of -100. 
Downward erosion was 2-5 mm and lateral erosion was 4-5 mm in -10 minutes. The channel shape was smooth, 
with a rounded channel floor, similar in cross-section (Figure 1) to channels produced by [2]. Runs conducted with 
PEG 200 had an Re of 4000-6000, well into the turbulent range. The erosion rate was much higher than with PEG 
3350, (with approximately double the amount of cutting in one third of the time), yet, the eroded channel shape was 
qualitatively the same as in the laminar flow. The 50% water/PEG 200 mixture had an Re of 7750 (despite having a 
slower velocity than the more viscous PEG 200). This run caused the same amount of sidecutting as the turbulent 
PEG 200 in the same time but the downcutting rate was three times as great. The channel morphology was also 
changed. Scallops -3 cm in size were eroded into the base of the channel and irregular scallops were cut into the 
sides. The pure water run had an Re of 39000 and was the most erosive, downcutting 2-3 cm and sidecutting 0.5-1 
cm in two minutes. The channel shape had many small, random scallops (—1 cm) on the base and sides (Figure 1). 
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Conclusions: Thermal erosion was produced under both laminar and turbulent conditions. The flow state 
controls the rate of erosion to a certain extent, but not the channel morphology. Instead, the style of erosion 
changes at high Reynolds number (Re>6000); this behavior is analogous to sedimentary deposition where the style 
of deposition changes from plane beds to anti-dunes in the upper flow regime. Future work planned includes more 
accurate determination of model thermal properties for better quantitative modeling of natural thermal erosion. 
References: [1] Dawson, J.B. et al. (1990) Geology, 18, 260-3. [2] Huppert, H.E. and Sparks, R.S.J. (1985) 
Journal of Petrology, 26, 694-725. [3] Hulme, G. (1973) Modem Geology, 4, 107-117. [4] Carr, M.H. (1974) 
Icarus 22, 1-23. [5] Baker, V. et al. (1992) JGR, 97, 13421-13443. [6] Briggs, L.I. and Middleton, G.V. (1965) in 
Middleton (ed.) SEPM Special Publication 12, 5-16. [7] Hodgson, G.W. (1981) Unpublished M.S. manuscript. Air 
Force Institute of Technology, Wright-Patterson AFB, Ohio. [8] Greeley, R. and Womer, M. (1981) LPSC XD 
Proceedings, 651-662. [9] Griffiths, R.W. and Fink, J.A. (1992) JGR, 97, 19729-19737. 


Table 1* Summary of Erosion Runs 


un # 

Material 

Slope 

L 

m 

V 

m/s 

V 

m/s 

Duration 

sec 

Re 

VL/v 

Fr 

V/V(Lg) 

Erosion 
Rate 
mm/mi n 
SIDE BASE 

Comments 

50! 

PEG 3350 

10° 

9.4(-3) 

0.84 

7.0(-5) 

544 

110 

2.8 

0.4- 

0.5 

0.2- 

0.5 

Smooth floor and side erosion 
(U-shaped) 

503 

PEG 200 

10° 

l.4(-2)- 

9.2(-3) 

1.85 

4.3(-6) 

219 

4000- 

6000 

5.0- 

6.1 

1.9- 

2.5 

1.4- 

2.7 

Same morphology as in 501 but 
erosion rate was higher 

504 

50/50 mix 
of PEG 200 

&h 2 o 

10° 

6.3(-3) 

1.59 

1.3(-6) 

210 

7750 

6.4 

2.0- 

3.5 

-8 

Scalloped floor erosion; there is 
some periodicity to the scalloping 
downstream (X. - 3 cm) 

502 

h 2 o 

10° 

7.0(-3) 

1.61 

2.8(-7) 

136 

3.9(4) 

6.1 

2.2- 

6.2 

8.8- 

12.3 

Severely scalloped (random) 
erosion 


Basalt 

0-10° 

3.3 

1-5 

l.8(-2) 


180- 

890 

0.17- 

0.87 





Komatiite 

0-10° 

4.5- 

25 

0.1- 

4.0 

3.3<-5)- 

3.6(-3) 


125- 

7.5(4) 

0.015- 

0.6 





L = cross-sectional area / wetted perimeter, V = flow speed, V = kinematic viscosity; Scientific notation exponents in parentheses. 


Figure i. Cross- section 
and longitudinal sections 
of typical erosion channel. 
The initial sections are 
shown at the top, the 
laminar/turbulent case in 
the middle, and the very 
turbulent case on the 
bottom. The laminar run 
duration was 550 seconds 
and the very turbulent run 
duration was 140 seconds. 
Dotted lines indicate the 
pre-flow surface. 
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LUNAR MINERAL FEEDSTOCKS FROM ROCKS AND SOILS: X-RAY 
DIGITAL IMAGING IN RESOURCE EVALUATION John G. CHAMBERS, Allan 
PATCHEN, Lawrence A. TAYLOR, Stefan J. HIGGINS, Planetary Geosciences Inst. 
Dept of Geol. Sci., Univ. of Tennessee, Knoxville, TN 37996; and David S. McKAY, 
Misson Sci., & Tech. Office, Code SN14, Johnson Space Center, Houston, TX 77058.^ 

The rocks and soils of the Moon provide raw materials essential to the successful 
establishment of a lunar base (e.g., [1]). Efficient exploitation of these resources requires 
accurate characterization of mineral abundances, sizes/shapes, and associations of “ore” and 
“gangue” phases, as well as the technology to generate high-yield/high-grade feedstocks. Only 
recently, have x-ray mapping and digital-imaging techniques been applied to lunar resource 
evaluation ([2-6]). Our previous efforts have involved quantitative characterization of mineral 
liberation and beneficiation of hi-Ti basalt 71055 ([5-6]) with software from Oxford Inst. Inc. 
coupled with an EDS attached to a Cameca SX-50 EMP. 

X-ray digital-imaging techniques supply a quantitative method of mineral resource 
evaluation ([5]), and therefore, application of these methods provide the best way to compare the 
mineral resource potential of soils and rocks. Previous studies have compared various soils, 
rocks, regolith breccias, and pyroclastic glasses as potential ilmenite feedstock sources ([2] and 
[4]), but no x-ray digital-imaging study has addressed the mineral feedstock potential of lunar 
soils. This is largely due to the difficulty of using chemical criteria to distinguish the complex 
impact-glass-welded components present in lunar soil. Integration of recent software 
development for digital-imaging combined with traditional petrographic methods has permitted 
“automated” characterization of lunar soil mineralogy and components (e.g., agglutinates) by 
Higgins et al.[9]. 

The use of lunar ilmenite as a reactant for hydrogen reduction to produce a Lunar-Liquid- 
Oxygen (LLOX) supply has received considerable study ([10]), and ilmenite concentrates will be 
used in this process. Therefore, it will be necessary to obtain beneficiated ilmenite feedstocks 
from either hi-Ti basalts of hi-Ti mare soils [4]. It is uncertain which raw material, rocks or 
soils, is the more feasible to beneficiate for an ilmenite concentrate ([2,7, and 8]). By combining 
rock ([5, 6]) and soil [9] x-ray digital-imaging data it will be possible to quantitatively compare 
feedstock grade and yield. 

Inherent Differences Between Lunar Basalts and Soils- Because of the complicated process 
of soil formation, a simple crushed lunar rock has many inherent differences as compared to 
lunar soil. Crushed lunar basalt consists primarily of monomineralic (i.e., clean) and 
multimineralic (i.e., lithic) particles. However, lunar soil is not simply comminuted rock 
material, but it is a complex array of primary and secondary phases (minerals and glasses) and 
particles (mineral and rock fragments and impact-glass welded particles). In fact, the lunar soil 
consists of monomineralic particles, basaltic microrocks, highland microrocks, impact glasses, 
meltrocks (i.e., impact glass + primary fragments), microbreccia, pyroclastic glasses, and 
agglutinates. These first-order differences are due to the complex weathering processes, 
comminution and agglutination, that create the lunar soil by meteorite and micrometeorite 
bombardment (e.g., [11]). In addition, while the amount of clean mineral fragments initially 
increases with soil exposure-time, the modal abundances and percentage of clean mineral 
fragments decreases as a soil approaches maturity, a function of agglutinate content ([8]). In 
addition, the magnetic properties of soil and crushed rock are very different due to the generation 
of native Fe° in the former. The process of auto-reduction during soil formation generates a 
myriad of single-domain (44-330 A) native Fe° spheres, and this mineralogical change greatly 
increases the bulk magnetic susceptibility of a soil with exposure-time ([12]). 
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Quantitative Comparison of Rock- and Soil-derived Iimenite Concentrates- As an 

application, mineral distribution data were compared for the most ilmenite-rich magnetic splits 
from the 45-90 pm size fraction of 71055 (crushed hi-Ti basalt material) and 10084 (mature hi-Ti 
soil). The beneficiation of these materials was discussed in Taylor and Oder [1] and Taylor et al. 
[4]. Iimenite in these splits was concentrated to 70 and 18 vol% by magnetic separation of this 
rock and soil, respectively. However, the yields of these concentrates are quite low at only 5 
wt% for both raw materials. Figure 1 compares the distribution of iimenite in the rock- and soil- 
derived feedstocks. The bars represent the percentage of particles with various amounts of 
iimenite, and the curves are cumulative mineral liberation curves for iimenite. The graph shows 
that iimenite in the 71055 concentrate occurs mostly as clean fragments (i.e., 80 % of the 
iimenite is in particles which are 80-100 % pure), but the iimenite in the 10084 concentrate in not 
as clean (i.e., only 58 % of iimenite is 80-100 % pure). Both concentrates show nearly bimodal 
particle distributions of 0-10 % and 90-100 % iimenite particles, but the trends are opposite. 



>10-20 >30-40 >50-60 >70-80 >90-100 

iimenite vol % of particles 

Figure 1. Coinparson of the most iimenite rich magnetic splits of the 44-90 pm 
fractions of hi-Ti rock 71055 and mare soil 10084. 

Magnetic separation of rock material (71055) produced a richer iimenite concentrate 
due to the simpler nature of the crushed rock. In both rock 71055 and soil 10084, iimenite is 
attached to pyroxene, plagioclase, and olivine; however, the iimenite 10084 is also associated 
with impact glass, Ti-glass, and pyroxene-like glass. Therefore, soils are more difficult to 
magnetically beneficiate due to impact glass which welds together minerals and rock fragments 
(agglutination). 

Conclusions- X-ray digital-imaging characterization of lunar raw materials provides a 
qu an titative comparison that is unattainable by traditional petrographic techniques. These data 
are necessary for accurately determining mineral distributions of soil and crushed rock material. 
Application of these techniques will provide an important link to choosing the best raw material 
for mineral beneficiation. 

References [1] Taylor and Oder, 1990 Space 90 . ASCE . 143-152; [2] Heiken and Vaniman, 1990 
PLPSC20. 239-247; [3] Heiken et al., 1992, Space 92 . ASCE, 555-564; [4] Taylor et al., 1992, PLPSC23, 
1415-16; [5] Taylor et al., 1993, PLPSC24. 1409-10; [6] Chambers et al., 1994, Space 24, ASCE, in 
press, [7] DeLa’O et al., 1990, Space 90. ASCE. 177-186; [8] Taylor and McKay, 1992, SpaC£_22, 
ASCE. 1058-1068; [9] Higgins et al., 1994, PLPSC25. in press, [10] Gibsen and Knudsen, 1990, Space 
2Q, ASCE. 197-205; [11] Taylor, 1990, Space 90 . ASCE, 68-77; [12] Taylor, 1988, SpaCfi_M, ASCE, 67- 
77. 
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FIRST GALILEO IMAGE OF ASTEROID 243 IDA; C. R. Chapman (Planetary Science Inst., 
Tucson AZ), M. J. S. Belton (NOAO, Tucson AZ), J. Veverka (Cornell Univ., Ithaca NY), G. Neukum 
(DLR Inst, for Planetary Exploration, Berlin, Germany), J. Head (Brown Univ., Providence, RI), 

R. Greeley (Ariz. St. Univ., Tempe AZ), K. Klaasen (JPL, Pasadena CA), D. Morrison (NASA Ames L 
Res. Ctr.), and the Galileo Imaging Team. 


The second spacecraft encounter with an asteroid has yielded an unprecedentedly high 
resolution portrait of 243 Ida. On 28 August 1993, Galileo obtained an extensive data set on this small 
member of the Koronis family. Most of the data recorded on the tape recorder will be returned to 
Earth in spring 1994. A five-frame mosaic of Ida was acquired with good illumination geometry (phase 
angles about 50 to 60 degrees) a few minutes before closest approach; it has a resolution of 31 to 
38 m/pixel and was played back during September 1993. Preliminary analyses of this single view of Ida 
are summarized here. When the data are returned, our color images of Ida will provide data on its 
compositional homogeneity and heterogeneity and may provide additional information relevant to the 
presence and geometry of a regolith. Also, we emphasize that much more definitive conclusions will be 
possible when we have images with somewhat different angles of illumination and perspective, and of 
the other sides of Ida. 

Ida is at least 55 km long, perhaps slightly bigger than expected from groundbased data. Its 
general shape and orientation are consistent with pre-encounter predictions [1] for pole solution #2 of 
the two inherently ambiguous solutions from photometric lightcurves. Ida is clearly not a contact 
binary, contrary to some pre-encounter suggestions. It is not clear whether Ida is a monolithic body or 
a rubble pile, although views from other sides may clarify this issue. Ida appears to be more irregular 
in shape than does Gaspra, the first asteroid imaged by Galileo, or well-imaged small planetary 
satellites. 

Unlike Gaspra, Ida is one of the most densely cratered objects yet observed in the solar system. 
Some of our preliminary crater frequency statistics are shown in Fig. 1 and comparisons with other 
bodies in Fig. 2; the preliminary conclusions that follow are based on these and other crater data. Ida’s 
crater density (R-values of about 0.3) is similar to that attained on surfaces that are in equilibrium with 
a "saturation" cratering process. The slope of its differential size-frequency relation on a log-log plot is 
similar to, or perhaps a little steeper than, -3 for diameters smaller than 1 to 2 km. 

For cratering production functions appreciably steeper than -3, studies of lunar cratering [2, 3] 
demonstrated that below the size where equilibrium sets in, the size-distribution should bend over to a 
-3 slope and there should be a full spectrum of crater morphologies from fresh to highly degraded. 

This is just what is seen on Ida for craters from 1 km down to at least 0.2 km diameter (Fig. 1). At 
larger diameters, preliminary counts show a steeper slope in the 2 - 4 km size range, possibly flattening 
at still larger sizes, consistent with the lunar crater production function [4]. Therefore, a consistent 
(though not unique) interpretation of the cratering histories of Gaspra and Ida is that the very steep 
production function recognized on Gaspra [5, 6] has cratered Ida 8 - 10 times more than Gaspra. It is 
expected, from orbital distributions of large main belt asteroids, that the inherent cratering rate by 
smaller asteroidal fragments should differ by much less than a factor of 2 between Gaspra and Ida. 
Accordingly, Ida’s cratering age is 5 to 10 times older than Gaspra’s age, which we estimated to be 
about 200 m.y. [6], or 1 to 2 b.y. old. If Ida is stronger than the rocky strengths assumed, its surface 
could date to the Late Heavy Bombardment (older than 3.5 b.y.). It may be inconsistent with Binzel’s 
work [7] on the Koronis family that Ida is so old. 

Ida seems to show more evidence for a regolith than Gaspra [8]. Downslope features 
(including "chutes"), small-scale albedo variations (e.g. dark floored craters), and the range of crater 
morphologies are all suggestive of regolith. There are some very large craters on Ida, which could be 
sources for the apparently more abundant regolith, particularly given Ida’s stronger gravity and resulting 
greater retention of ejecta than is true for Gaspra. The spectral uniformity of Ida compared with 
Gaspra [9] could be due to ejecta from the latest big cratering event blanketing the entire surface with 
material from a single source region, or it could reflect underlying compositional homogeneity. Imaging 





238 


LPSCXXV 


IMAGE OF ASTEROID 243 IDA; C.R. Chapman et al. 


data in different spectral bands to be returned in 1994 will clarify if the compositional homogeniety 
extends to smaller spatial scales. 

Various members of the Imaging Team [e.g. 8, 10] have described boulders visible on Ida, 
which may be ejecta blocks. Other geological features that have been recognized include grooves, 
crater chains, and various albedo features. Already, this single view of Ida shows more geological, 
diversity than was found for Gaspra; although that partly reflects the better spatial resolution, Ida’s 
larger size may facilitate processes not effective on smaller bodies or there may be other more 
fundamental differences between these two complementary members of the S-type. 

Further clues that Ida may hold in store for us about the nature of S-type asteroids and about 
how the Koronis family parent body was disrupted await return of the bulk of the Ida encounter data, 
which is still stored on the Galileo tape recorder. It is presently expected that nearly all of that data 
can be returned prior to Galileo’s preparation for its unique opportunity to observe the impacts of 
Comet Shoemaker-Levy 9 into Jupiter in mid-July. 

References: [1] Binzel, R. P. et al. (1993), Icarus in press. [2] Gault, D. E. (1970), Radio ScL, 5, 273. 
[3] Chapman, C. R., Mosher, J.A., and Simmons, G. (1970), JGR, 75, 1445. [4] Neukuin, G., Kdnig, B., 
and Arkani-Hamed, J. (1975), The Moon, 12, 201. [5] Belton, M. J. S. et al., Science, 257, 1647. [6] 
Chapman et al. (1994), submitted to Icarus. [7] Binzel, R. P. (1992), Icarus, 100, 274. [8] Greeley et al. 
(1994), abstract, this meeting. [9] Carlson, R. et al. (1993), presentation at 25th AAS/DPS meeting. 

[10] Geissler, P., Petit, J-M., and Greenberg, R. (1994), abstract, this meeting. 
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Fig. 1. Differentia] crater 
frequencies from 2 counting 
areas on Ida, with least squares 
fit power-law through reliable 
data points. 


Fig. 2. R-plot crater densities for 
Ida and Gaspra (with least squares 
fits) shown in comparison with 
other satellite surfaces. 
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3-D PERSPECTIVE IMAGING: A TOOL FOR GEOLOGIC MAPPING OF VENUS; M.G. 
Chapman, R.L. Kirk, and J.M. Barrett, U.S. Geological Survey, Flagstaff, AZ 86001 


The Galindo quadrangle (V40; 0°-25°S, 240°-270°E) is being geologically 
mapped at 1:5,000,000 scale as part of a Venus Data Analysis Program/Venus 
Geologic Mapping proposal, which is focused on Venusian geologic terrains 
containing assemblages of coronae, arachnoids, and novae. The map area, west of 
Phoebe Regio, contains a cluster of many asymmetric, multiple, and overlapping 
coronae, arachnoids, and novae that are randomly distributed. Geologic mapping 
of the quadrangle is being assisted by 3-D perspective views of geologically 
significant features [1]. 



The 3-D renderings aid both geologic analyses and the subsequent 
explication of the results by depicting the radar characteristics, morphology, and 
vertical relations of these features (compare figs. 1 and 2). These three- 
dimensional relations are not apparent in 
raw SAR images; understanding of the 
morphology and history of superposition 
and deformation is enhanced by the 
perspective views of the radar-image and 
altimetric data. These views can also be color 
coded to show the relation between elevation 
and microwave emissivity, intermediate- 
scale surface roughness, or reflectivity data. 

In addition, the high-performance 
workstation and software used allow (1) 
rendering of views in almost real time for 
increased scientific visualization and (2) 
rotation, tilt, and zoom of the views so key 
features can be observed that allow 

placement of contacts on the map. _ _ 

Figure 1 is a perspective rendering of an asymmetric corona overlapped by 
two novae in the foreground. The prominent high (arrow) in the corona is about 
the width of a single altimetry footprint and most likely represents an error. The 
3-D view shows the widely varying slope morphology of the concentric scarp that 
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surrounds the corona. Furthermore, apparently rootless lava flows can be traced 
more easily to their sources by observing vertical relations in the perspective 

renderings. „ , , . . 

V40 is an extremely "busy" quadrangle, and most of the important geologic 

relations are too detailed to be shown at the 1:5 million scale of the geologic map. 
Initial mapping has begun by dividing closely associated coronae and corona-like 
features into nine geographic groups. For each group, a small, more detailed, 
larger scale map has been generated by computer mapping over individual Cl- 
MIDR tilelets imported from CD-ROM (56 tilelets per Cl-MIDR) while hard copies of 

the perspective renderings were being viewed. 

For example, five arachnoids (A-E) are included in group 9 (Fig. 3). They 
form a rough question-mark shape 
with arachnoid A at the south end. 

The age relations shown by 
geologic mapping denote a clear, 
systematic age progression from A 
to E. Could this progression mean 
that the surface has moved above a 
stable plume? On the 3-D images, 
the relief of the features ranges 
from negative (A) to various 
heights (B-D) to relatively flat (E). 

Could the negative relief of 
arachnoid A be due to viscous 
relaxation of an older feature? 

Arachnoid B is the highest of the 
five and has produced the most 
lava, and the distance from A to B is 
the greatest among the group. 

Could these characteristics indicate 
an increase in plate movement or a "hiccup" in plume production between the 
formation times of A and B? The volume and asymmetry of the arachnoid group 
will be studied, and geologic relations from the mini-maps of V40 will be 
transferred to one large 1:5,000,000-scale final product to determine regional 
trends. (The mini-maps can be used as figures in the map text.) The combination of 
the 3-D synthesis of these Magellan datasets with the SAR images has clearly 
enhanced the interpretation of geologic relations in the map area. 

The 3-D perspective renderings were generated by enhancing the image 
base from the Galindo quadrangle with spatial filtration, contrast exaggeration, 
and the addition of relief shading, as described by Kirk [2]. Elevation data from the 
Magellan global altimetric dataset (GTDR) [3] were merged with pre-Magellan data 
to fill gaps, reprojected to register to the image, and smoothed at the resolution of 
the altimeter. Rendering was performed on a SUN SPARCstation 10 model 512 with 
the Surveyor software package. The images (figs. 2, 3) were transferred to a VAX 
computer and copied to a Macintosh computer to generate hard copy. 



References: [1] Soderblom, L.A. et al. (1993) [abs.] NASA Planet. Data Visualization, 

San Juan Capistrano, CA, 38-39. [2] Kirk, R.L. et al. (1992) JGR, 97, 16,371-16,380. [3] 
Pettengill, G.H. et al. (1991) Science, 252, 260-265. 
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y SUBPIXEL RESOLUTION FROM MULTIPLE IMAGES 

Peter Cheeseman, RIACS, Bob Kanefsky, Recom, John Stutz, NASA, and Richard Kraft, Recom 

Multiple images taken from similar locations and under similar lighting conditions contain 
similar — but not identical — information. Slight differences in instrument orientation and position 
produces mismatches between the projected pixel grids. These mismatches ensure that any point on 
the ground is sampled differently in each image. If all the images can be registered with respect to 
each other to a small fraction of a pixel accuracy, then the information from the multiple images can 
be combined to increase linear resolution by roughly the square root of the number of images. In 
addition, the gray-scale resolution of the composite image is also improved. We describe methods for 
multiple image registration and combination, and discuss some of the problems encountered in 
developing and extending them. We display test results with 8:1 resolution enhancement, and Viking 
Orbiter imagery with 2:1 to 4:1 enhancements. 

Our problem is the inverse of computer graphics rendering. There, one is given a model of the 
relevant surfaces (shape and reflectivity), with associated viewing and lighting conditions. From this 
information, a graphics program projects an image of the scene. We have the inverse problem: given 
multiple images obtained under known lighting and viewing conditions, determine the most probable 
surface model subject to prior model constraints. Ideally, a planetary surface model would combine 
topographic information with multi-spectral reflectances at every point on the surface. Our current 
simplified approach is restricted to a single spectral band. We suppress topographic effects by requir¬ 
ing all images to be made from roughly the same direction under the same lighting conditions. Thus 
we combine the effects of varying ground slope and surface albedo into a 2-D model element 
(“mixer) grid. This mixel grid is made at some fraction of the projected pixel resolution, e.g., 20m 
instead of 80m. 

Despite the above restrictions, we can achieve improved resolution in practical cases. For Viking 
Orbiter (VO), we can combine the overlapping margins and comers of high-resolution mosaics for a 
modest improvement. We can obtain dramatic improvement when dozens of images are available. 
Unfortunately, due to orbital mechanics, such sequences are always low-resolution. 

Lacking geographic truth, our current work employs a relative registration. The mixel grid is 
initialized by interpolating values from one of the pixel images. Thus this image provides the 
geographic control. Successive pixel images are then registered by minimizing a mismatch function 
over the parameter space of the appropriate mapping transformation. For each pixel the mismatch 
function calculates the sum of mixel contributions over the projected pixel area, weighted by the 
instrument point spread function (PSF). The mismatch is then the sum of squared errors between the 
predicted and observed pixel values. 

The choice of an appropriate geometric transform function is important. It must account for any 
inter-image distortions without introducing excessive degrees of freedom. For scanned images, rota¬ 
tion and translation are sufficient. With CCD detectors the addition of scale and shear will allow rela¬ 
tive mapping, while projective transform is needed for geographic correction. The vidicon tubes on 
the Viking Orbiters and Voyagers introduce local and image wide readout distortions that we model 
with second order coefficients. 

The final combined image is currently computed by setting each mixel to a weighted average of 
the pixel values influenced by that mixel via the PSF and registrations. This works surprisingly well, 
sufficiently to justify presenting the present technique. We are developing a full Bayesian solution to 
this inversion problem, to include PSF deconvolution and neighbor correlations. 

There are problems with the current system. The registration search can only find local minima 
in the mismatch error space, so it is necessary to manually pre-register images to within a few pixels. 
Practically, registration requires that there be several prominent features distributed over the image. 
Also, the mismatch function is very sensitive to edge interaction of the mixel and pixel grids. These 
can be avoided. 

In addition to readout distortion, the VO and Voyager vidicon images are subject to camera 
shading and uncertainties in exposure duration. Many pixels are blocked by data dropout and reseau 
marks. Others are corrupted by multi-bit transmission errors, quantization noise, blemishes, etc. 
These are all part of the camera model and could be reconstructed along with the surface model, but 
currently their effects are removed by preprocessing. 

We hope, in the future, to have a full geometric model that will allow us to take advantage of the 
multiple high-resolution coverage that can be found among the 50,000 VO images, as well as long- 
range Voyager flyby sequences of certain moons, such as Iapetus. 
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VO434S10, one of 4 overlapping images 35 meters / P^el 

from two mosaics of Gusev Crater. | 
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HYPERVELOCITY IMPACTS AND THE MAGNETISM OF SMALL BODIES 
IN THE SOLAR SYSTEM 

Guangqing Chen, Thomas J. Ahrens, Lindhurst Laboratory of Experimental Geophysics, Seis- 
mological Laboratory, California Institute of Technology, Pasadena, CA 91125 
and Raymond Hide, Department of Physics and Earth Sciences, University of Oxford, Oxford 
0X1 3PU, England, U.K. 


Magnetism of the Moon and other small bodies in the solar system has been a controversial 
topic (see, e.g. [1, 2]), and has only become more interesting since the recent flybys of the as¬ 
teroid 951 Gaspra and the larger asteroid 243 Ida by the Galileo spacecraft, which have found 
that both of them may be sufficiently electrically conducting so as to perturb the interplanetary 
magnetic field, or they are magnetic [3]. Here we present a quantitative model evaluating the 
extent of magnetization by hypervelocity impacts-one of a few magnetizing mechanisms previ¬ 
ously suggested-using shock and post-shock temperature calculations and a fracturing model 
by Housen and Holsapple [4], We conclude impacts are generally incapable of magnetizing a 
planetary body throughout, but impact magnetization may offer a valid explanation for small 
magnetic asteroids like Gaspra or Ida which are thought to be impact fragments of larger bodies. 

When rocks are shock heated to temperatures higher than the Curie point of their embedded 
ferromagnetic metals, and then cooled down through the Curie point, they can be magnetized 
strongly by the magnetic field that may present at the time. We calculated the shock and post¬ 
shock temperature as functions of shock pressure using the Tillotson equation of state for lunar 
rock [5] at several initial porosities. For solid rock, the needed shock pressure is about 50 GPa; 
for rocks of 50% porosity, the pressure is lowered to less than 10 GPa. From the Holsapple- 
Schmidt scaling of planetary impacts [6], the radius inside which the target is shocked above 
the threshold pressure in various impact conditions are obtained and shown as solid lines in 
Figure 1. 

An important question in the model is whether the target can remain largely integral when it 
is shock-magnetized. Housen and Holsapple in [4] developed a catastrophic fragmentation (CF, 
defined as when the largest fragment mass is half that of the original target) threshold based 
on dimensional analysis and fragmentation experiments in the strength regime. The threshold 
was then extrapolated into the gravitational regime by replacing the impact-induced tensile 
stress (<7i) with that in excess of the gravitational stress {o\ - <r G ). A slightly relaxed threshold 
was given for larger bodies where fragments could reaccumulate under their own gravity. The 
fragmentation and reaccumulation limits for 1, 10, 100 and 1000 km-radius, solid or porous 
targets are shown in Figure 1 as broken lines. The magnetization zone is always within the 
CF limit, therefore our model predicts the target cannot be magnetized by an impact without 
breaking up. On the other hand, impact-induced magnetization on an unfragmented body (like 
the Moon) must be limited to the vicinity of impact center, and if it has been under multiple 
impacts, its magnetic field should have a “patchy” characteristic. 

We further developed the model by Housen and Holsapple to predict the mass of the largest 
fragment when the impact is not at the CF threshold. The equation we used is: 


M 


= 0.5 x 


<7 F 


1/? 


< 7 \ - <7 G J 


( 1 ) 


where <r F is the fracture strength at the prevailing strain rate, j3 is a constant and is determined 
from laboratory experiments in the strength regime (cr G = 0). Another change we made from [4] 
is that we included the depth-dependence of the lithostatic stress a G : 


^G(r) = y G P 2 (R 2 ~ r 2 ) 


( 2 ) 
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Assuming both Gaspra and Ida were impact-magnetized, and they are remanent fragments 
from the same impacts that magnetized them, we can obtain a constraint on the minimum sizes 
of the impactors. Then, requiring the largest fragments be larger than Gaspra or Ida, lowei 
limits on the pre-impact asteroid sizes can be set using Equation 1. At 5 km/s impact velocity, 
which is about the most probable in the asteroid belt, we obtained that the proto-Gaspra body 
was at least 91 km and the impactor at least 7.4 km in radius; For Ida, the minimum radii for 
parent body and impactor are 330 and 27.5 km respectively. The impactor radius is a strong 
function of impact velocity, while the parent body radius is almost constant with regard to 
impact velocity. 

Based on geometrical considerations, Gradie et al. estimated the minimum radius of the 
parent body of the Koronis family should be 45 km [7]. Our minimum parent body radius 
reduced only by about a factor of 2 (to 138 km) when we artificially made its fracture strength 
10 3 times the normal value in the calculations, therefore the reason for the surprisingly small 
size of the proto-Ida asteroid cannot be its strength. The present analysis thus suggests that if 
Gaspra and Ida are fragments from the impact on a protoasteroid and this impact magnetized 
them, their parent bodies had to have radii greater than 91 and 330 km, respectively. Or, the 
possible magnetization of these objects is unrelated to the impact process which created them 
from larger proto-asteroids. 



Fig. 1: Magnetization radius (solid lines) and catastrophic fragmentation threshold (broken 
lines) R, normalized to impactor radius a, plotted as functions of impact velocity. The four 
solid lines correspond to shock temperature or post-shock temperature based calculations for 
porous or non-porous rock; the 16 broken lines are fragmentation or gravitational reaccumula¬ 
tion thresholds for R= 1, 10, 100 and 1000 km, porous or nonporous rock. The target will be 
magnetized if R/a lies below the solid lines; it will be fragmented if R/a is above the broken lines. 
All broken lines are above solid lines, meaning a planetary body cannot be totally magnetized 
while remaining integral. 

fll L L Hood and Z. Huang, J. Geophy. Res. 96, 9837-9846 (1991). [2] D. W. Collinson, Surveys m 
Geoohusics 14 89-118 (1993). [3] M. G. Kivelson, L. F. Bargatze, K. K. Khurana, D. J. Southwood, R. J. Walker 
»d P J. Coleman, Jr , Science, 261, 331-334 (1993). [4] K R. Housen and K. A. Holsapple, Icarus 84, 226-253 
119901 f5l T J Ahrens and J. D. O’Keefe, in Impact and Explosion Cratering, 639-656, Pergamon Press, New 
York (1977). [6] K. A. Holsapple and R. M. Schmidt, J. Geophy,. Res. 92, 6350-6376 (1987). [7] J. C. Gradie, 
C. R. Chapman and J. G. Williams, in Asteroids, The University of Arizona Press, Tucson, Arizona (1979). 
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THE ABUNDANCE OF THALLIUM AND PRIMORDIAL LEAD IN SELECTED METEORITES - 
THE SEARCH FOR 205 Pb. J. H. Chen and G. J. Wasserburg. The Lunatic Asylum, California Institute 
of Technology, Pasadena, CA 91125 

The presence of the short-lived nuclei 26 A1 , 107 Pd , 129 1 , 53 Mn , ^Fe and 244 Pu in the early 
solar system is reasonably well established [1,2]. The nuclear astrophysical processes and stellar sources 
responsible for these diverse nuclei have been the subject of considerable discussion [3]. Of the above 
nuclei, only 107 Pd and ^Fe are "s" process. Recent studies [3-5] presented analyses of "s" process 
Products and predicted the abundances of all s-process radioactivities for a 1.5-3 M 0 AGB star assuming 
( Pd/ Pd)q=2 X lO' 5 after dilution with the ambient ISM. The predicted value of ( 205 Pb/ 204 Pb) o = 
6 5 to 11 xlO 4 at the onset of solar system formation [5], An incisive review of the nucleosynthesis 
of Pb has been presented by [6], and previous searches for 205 Pb are in [7-10], We had carried out 
studies on two iron meteorites which have primordial Pb(PAT) and thus have not suffered terrestrial Pb 
contamination. A hint of 205 T1* was found for sulfide from an iron meteorite [10], It was evident that 

' 204 hOUt 205 a SU 2 M tant 205 im P rovement in 205 T1/ 203 T1 measurements, that samples with higher 
( Pb/ TI)/( Pb/ Tl) 0 were needed to obtain unambiguous results. In this study we determined 
Pb and T1 abundances and Pb isotopic compositions in the metal and sulfide phases of seven iron 
meteorites: Canyon Diablo (CD,IA), Bogou (B,IA), Derrick Peak (DP.IIB), Cape York (CY.IIIA), 
Trenton (T,IIIA), Nantan (N.IIICD) and Gibeon (G,IVA) (Table 1). Each sample was subjected to 
several etchings and the interior material dissolved and analyzed. Fractions of solutions were removed 
for Pb and T1 analyses. An interior sample of Canyon Diablo (CD) metal yielded a 204 Pb concentration 
of 18.88 pM/g ( Pb m ) and a Pb isotopic composition which is —1.3% more radiogenic than reported 
previously [11-13], Assuming the excess radiogenic Pb was from terrestrial contamination, we estimated 
this CD metal sample had a primordial 204 Pb content ( 204 Pb ) of 18.63 pM/g. From these results we 
calculate a Pb/ T1 ratio of 3.94 for the CD metal. An interior sample of CD troilite yielded a Pb 
.sotopiccomposition indistinguishable from PAT. However, the leach has highly radiogenic Pb. The 
Pb/ T1 value for the sulfide (interior) is a factor of 3.2 higher than for the metal. Two other 
meteorites, Nantan and Bogou also have close to primordial Pb isotopic values and are plotted inside the 
insert of Fig. 1. The remaining meteorites contain varying amounts of radiogenic Pb and in some cases 
contain almost entirely terrestrial lead. We also analyzed a chondrite, Mezo-Madaras (MM) and an 
achondrite, Angra dos Reis (ADOR). These samples were not subjected to etching prior to analysis. The 
results show MM has close to primordial lead and ADOR has very radiogenic lead. The 204 Pb/ 203 Tl in 
MM (U- 7 ) and ADOR (22) are quite high. The primordial 204 Pb/ 205 Tl ratios in both metal and sulfide 
of iron meteorites and two stony meteorites range from 0.15 to 22. Assuming 2 ® 3 Pb/ 2 ® 4 Pb = 5.4 x 10 —4 
in the meteorite parent bodies, we estimated the amounts of possible 205 T1* to be from 0.1 to 12 %c. We 
have established analytical procedures to determine 205 T1/ 20 *T1 ratios in T1 standards to a precision of ± 
2%o [10]. Therefore, it may be possible to detect an isotopic anomaly in several of these samples. 
Experimental partitioning studies [14] showed that Pb and T1 are extremely incompatible in iron metal 
and troilite. The experimentally determined partitioning coefficients between troilite and metal (D) for 
T1 and Pb are 14 and 10 to 30 respectively. However the measured D x , (1.4 - 22) and D Pb (1 -32) show 
wide ranges, suggesting other factors affect the distribution of Pb and T1 in iron meteorites. It is not 
evident how our leaching procedure may alter the original T1 and Pb contents. The T1 and 204 Pb contents 
are plotted in Fig. 2. In this diagram, Allende samples form a linear trend which passes through the 
origin and Orgueil [9]. All our data, except Trenton troilite, plot to the right of this line, indicating 
enrichment of Pb relative to Tl. In summary, we found a general enrichment of Pb relative to T1 in most 
iron meteorites, a chondrite and an achondrite, as compared to the ( 204 Pb/ 205 Tl) o . However, only a few 
samples might be suitable candidates for detecting any 205 T1* at > 4%o level. The study of Larimer [15] 
showed that Pb and Tl gas in equilibrium down to 500'K with Fe-Ni metal should have 
( Pb/ Tl)/( Pb/ Tl) 0 enhanced by ~40. After the onset of Pb condensation, but before Tl 
condensation, the enhancement factor is up to ~ 200. This suggests that there may be suitable candidates 
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if one can find samples that equilibrated with nebular gases at the appropriate narrow temperature region. 
Such samples have not yet been identified and it is not evident that the fractionation found here can be 
simple related to a condensation model. Division Contribution 829(5354). Refs. {IJWasserburg G.J. (1988) Protostars and 
Planets II 703. [2]Podosek, F.A. and Swindle, T.D. (1988) Meteorites and the Early Solar System, 1073. [3]CameronA.G.W. (1993) Protostars 
and Planets m, 47. [4] Wasserburg G.J., GallinoR., BussoM., Raiteri C.M. (1993) LPSC XXIV, 1487. [5]Wasserburg G.J., BussoM., Gallino 
R„ Raiteri C.M. (1994)rip7 in press.[6]YokoiK., TakahaskiK. and AmouldM. (1985) A&A 145, 339. [7]AndersE. and StevensC.M (1973). 
JGR 65, 3043. [8]Huey J.M. and Kohman T.P. (1973) JGR 78, 3227. [9]Arden J.W. and Cressey G. (1984) GCA 48, 1899. [lOJChen J.H. 
and Wasserburg G.J. (1987) LPSC XVIII, 165. [1 l]Tatsumoto M., Knight R.S. and Ategre C.J. (1973) Science 180, 1779. [12]Chen J.H. and 
Wasserburg G.J. (1983) LPSC XIV, 103. [13]Gopel M., Mantes G. and Ategre C.J. (1985) GCA 49, 1681. (14]Jones J.H., Hart S.R., and 
Benjamin T.M. (1993) GCA 57, 453. [15]Larimer J.W. (1973) GCA 37, 1603. 


Table 1. T1 and Pb concentrations in meteorites 


Meteorite 

Wt. 

(g) 

— ZUSfj - 

(pM/g) 

r u m 

(pM/g) 

^pb p 

(pM/g) 

204 Pb m 

205J, 

205n 

205n* 

(%°) f 

D(FeS/Metal) 

T1 Pb 

Canyon Diablo, M 

—533 

-T73 

18.8$ 

18.63 

339 

3 94 

2.1 



Sulfide-L 

0.98 

29.26 

275.16 

79.43 

9.40 

2.71 

1.5 



Su!fide-C 

8.34 

6.40 

81.70 

81.60 

12.76 

12.74 

6.9 



Bogou, Metal 

5.31 

4.19 

5.49 

5.45 

1.31 

1,30 

0.7 

6.84 

28.1 

Sulfide 

2.68 

28.62 

154.37 

149.23 

5.39 

5.21 

2.8 



Derrick Peak, Metal 

8.45 

0.07 

0.08 

0.02 

1.10 

0.33 

0.2 

4.09 

3.29 

Sulfide-C 

2.59 

0.30 

0.27 

0.04 

0.88 

0.15 

0.1 



Cape York, Metal 

8.12 

0.06 

0.59 

0.42 

9.48 

6.73 

3.6 

9.51 

3.77 

Sulfide-L 

0.20 

2.37 

252.16 

22.12 

106.61 

9.35 

5.1 



Sulfide-C 

1.80 

0.59 

2.22 

0.87 

3.76 

1.47 

0.8 



Trenton, Metal 

11.04 

0.19 

0.23 

0.19 

1.21 

1.03 

0.6 

22.3 

1.03 

Sulfide-C 

1.52 

4.21 

0.23 

- 

0.06 

- 

- 



Nantan, Metal 

14.17 

5.74 

8.27 

8.11 

1.44 

1.41 

0.8 

2.05 

25.1 

Sulfide-C 

2.72 

11.74 

207.23 

204.18 

17.65 

17.39 

9.4 



Gibeon, Metal 

17.01 

0.02 

0.04 

- 

1.62 

- 

- 

2.73 

32.1 

Sulfide-C 

3.07 

0.06 

1.22 

0.05 

19.03 

0.75 

0.4 



Mezo-Madaras (L3) 

0.20 

34.16 

406.02 

397.95 

11.88 

11.65 

6.3 



ADOR (Achondrite) 

0.24 

0.24 

5.30 

- 

22.02 

- 

11.9 



Orgueil[9] 26 A1 

- 

575 

270 

- 

0.47 

- 

0.3 




Units in 10 -12 Moles/g; subscripts: m = measured; p = primordial; L=Leach, C=Core; 
tNote: 205 T1* calculated from 204 Pb p / 205 Tl assuming 204 Pb/ 20s Pb=5.4xlO' 4 . 



Figure 1. Pb Isotopic Composition in Irons 
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THE ORBITAL EVOLUTION OF ORDINARY CHONDRITES OVER 
THE LAST 50 MILLION YEARS Yongheng Chen 1 * 2 , Paul H. Benoit 1 and Derek W. G. 
Sears 1 1 Cosmochemistry Group, Department of Chemistry and Biochemistry, University 
of Arkansas, AR 72701, USA institute of Geological New Technology, Chinese Academy 
of Sciences, Wushan, Guangzhou 510640, PRC 

Recent studies have suggested that the meteorite flux Is subject to changes in its composition and 
possibly its intensity over various periods of time [1,2,3]. Many of these studies have concentrated on 
changes in the terrestrial flux using meteorite finds with large terrestrial ages (L e. 9 Antarctic meteorites). In 
the present study we examine a collection of ordinary chondrite falls with terrestrial ages <30 years and for 
which cosmogenic nuclide data are available. We find that meteorites with long cosmic ray exposure ages 
apparently had smaller perihelia within the last 10 5 years than those with smaller cosmic ray exposure ages. 
About half the spread in natural TL values of observed falls can be accounted for in terms of this secular 
evolution of their perihelia. Meteorite orbits apparently show an evolution of their perihelion to smaller 
values during the period represented by their cosmic ray exposure ages. 

INTRODUCTION. Recent work has suggested that the ordinary chondrite meteorite flux is not 
constant with time, but displays variation in composition and possibly in intensity as well [1,2,3]. In a study of 
observed ordinary chondrite falls, Benoit et al. [4] observed that meteorites with cosmic ray exposure (CRE) 
ages <20 Ma showed a broad range of natural TL levels, including many with high TL levels. Meteorites with 
CRE ages >20 Ma, however, exhibited less variability in natural TL levels and none had high TL levels. They 
suggested that the restricted range of natural TL levels observed in meteorites with high CRE ages might 
reflect the extended orbital evolution of these meteorites; the low TL levels are interpreted as the result of 
recent orbits with perihelion <1.0 AU. The dataset of Benoit et al. [4] included many observed falls with 
fairly large terrestrial ages, many of about 100 years. The initially rapid decay of TL under typical temperate 
climatic conditions means that significant scatter may be introduced in this dataset [4]. In order to examine 
the apparent orbital evolution of the ordinary chondrites in more detail, we have now measured the natural 
TL levels of a group of observed falls with very short terrestrial ages (<30 years). Our study included 17 
equilibrated ordinary chondrites (11 H, three L, one LL and two L/LL chondrites). 

RESULTS AND DISCUSSION. The new data also show a trend whereby natural TL levels decrease 
from 125 to 28 krad as CRE age increases from 0.9 to 51 Ma (Fig. 1). Our previous data show a similar trend 
[4], but is displaced to lower TL values as a result of terrestrial TL decay (Fig. 1). As noted by Benoit et al, [4], 
there is no basis for such a trend in the systematic^ of TL. Even under low temperature conditions, TL levels 
should reach equilibrium values in less than one million years. Other relevant factors, such as external 
radiation and dose-rate variation due to differences in shielding, are quantitatively unimportant for all but the 
largest and smallest meteoroid bodies [4]. The equilibrium value is therefore determined by temperature 
during irradiation in space, noteably by the highest temperature experienced during a meteoroid’s orbit which 
is at perihelion. 

Making various assumptions about the albedo of meteoroid bodies, we can calculate an approximate 
perihelion for meteorites which represents an average perihelion for a period of time just prior to Earth 
impact. We find that, for our observed trend, perihelion decreases from about 1.0 AU (Zaoyang) to 0.90 AU 
(Xi Ujimqin) with increasing CRE age from 0.9 Ma to 51 Ma. This evolution of orbits among ordinary 
chondrites is summarized in Table 1. If we assume that the cosmic-ray exposure ages of meteorites largely 
reflect their irradiation while undergoing orbital evolution then one implication of these data is that the 
change in perihelia of meteoroid bodies is gradational and generally tends towards smaller perihelia. This, in 
turn, suggests that meteoroid bodies in Earth-approaching and Earth-crossing orbits do not generally exhibit 
chaotic orbital evolution over timespans of about 50 million years. 

Two meteorites in the new database, Enshi and Laochengzhen, have very low natural TL levels (<1 
krad) and do not plot along the TL vs. CRE age trend (Fig. 1). In all natural TL databases examined to date 
about 15% of meteorites also exhibit very low natural TL levels. It has been shown [4,5] that very small 
perihelion orbits (<0.85 AU) will drain TL levels to these low values. About 12% of observed falls had 
perihelia of <0.85 AU, as determined from their visual radiants [4]. Alternatively, TL levels could be drained 
to these low levels by shock-heating. Both Enshi and Laochengzhen have low TL sensitivities (0.62 and 0.16 
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relative to Dhajala, respectively) which may be indicative of destruction of feldspar during shock. In either 
case, the thermal event which drained the TL of these meteorites must have occurred within 10 3 years before 
Earth impact so that natural TL levels did not rebuild to the higher "equilibrium" values. Enshi and 
Laochengzhen have also suffered 3 He and 4 He loss [6,7] which is indicative of thermal events. However, 
there are distinct differences between the response of TL and noble gases to thermal events. Natural TL is 
sensitive to fairly small thermal events but can recover from these events rapidly (about 10 6 years or less). 
Noble gas loss, however, requires fairly large thermal events and its "record" is retained throughout the cosmic 
ray exposure history of the meteoroid body. Therefore, the low TL and 3 He loss in Enshi and Laochengzhen 
indicate that the thermal event which affected both sets of data was (a) fairly intense and (b) occurred within 
the last 10 s years. There are no 3 He data for two other meteorites with low TL levels in the present study 
(Peace River and Rochester). 

Boxian seems to be an exception to the TL vs. CRE age trend in that it has a high TL level and a high 
CRE age (Fig. 1). This may indicate that LL chondrites do not follow the trend, although the dataset for 
meteorites with terrestrial ages >30 years does not support this suggestion [4]. Alternatively, it is possible 
that Boxian was "predosed" in a larger body. The noble gas data currently available [7] do not support a multi¬ 
stage irradiation history for Boxian, so perhaps this meteorite is a rare example of a meteoroid body with an 
unusual orbital history. Suizhou has a low natural TL but high equivalent dose [see 8], implying a sample 
heterogeneity problem. 


CONCLUSIONS. We conclude that the natural TL levels of recently fallen meteorites correlate with 
their cosmic ray exposure ages, and this correlation is a result of orbital evolution in space. With increasing 
cosmic ray exposure age, meteoroid bodies tend to evolve to lower perhelia. The change in meteoroid 
perihelia as a function of time is not very large, generally between 1.0 to 0.90 AU over the last 50 million years 
but appears to apply to almost all ordinary chondrites. 

Acknowledgements: We wish to thank the Institute of Geological New Technology, Chinese Academy of Sciences and O. Eugster for 
samples and to D. Wang for suggesting this study. This work was supported by a grant from the Chinese Academy of Sciences and NASA 
grant NAGW-3519. 

[1] Dodd et al. (1993) JGR 98, E8, 15105-15118. [2] Dennison and Lipschutz (1987) GCA 51,741-754. [3] 
Benoit and Sears (1993) Icarus 101, 188-200. [4] Benoit et al. (1991) Icarus 94, 311-325. [5] Benoit et al. 
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Table 1: The evolution relationship among 
perihelion, natural TL level and CRE ages of 
ordinary chondrites. 


Perihelion Natural TL CRE ; 

;AU) krad @ 250 °C (Ma) 



Fig. 1 (Right). Natural TL levels (at 250 °C) 
vs. cosmic ray exposure age for ordinary 
chondrites with terrestrial ages <30 years. The 
correlation between natural TL and cosmic ray 
exposure age (excluding the two chondrites 
with natural TL <1 krad) is shown by the 
dotted regression line which has a slope of 0.01 
(r=-0.59, n=18). The chondrites are identified 
by the first three letters of their names. 



Cosmic Ray Exposure Age (Ma) 
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EXPLORATION OF THE MORPHOLOGICAL DISTRIBUTION OF THE 
SPECTRAL UNITS IN THE GRUITHUISEN DOMES REGION. 

Serge D. Chevrel U), Patrick C. Pinet U) and James W. Head ( 2 >- 
1 UPR 234/CNRS, Groupe de Recherche de Geodgsie Spatiale, 
Observatoire Midi-Pyrgnges, 31400 Toulouse, France; 2 Brown 
University, Providence, R.l. 02912, USA. 

The Gruithuisen domes 8 and y, located in the northwestern border of Mare Imbrium, are 
relatively high albedo features standing hundreds of meters higher than the mare and highland 
adjacent topography. Stratigraphic relations show that these features are of Imbrian age and 
that their formation is contemporaneous with the emplacement of the main sequence of mare 
deposits. High resolution Lunar Orbiter, color difference images, and reflectance spectra have 
shown that the domes are morphologically, texturally and spectrally distinct from the 
surrounding highland and mare materials (1). They show no obvious affinities with the 
highland background topography and although their origin is volcanic, their eruption style is 
distinct from mare basalt eruption styles (1,2). The morphology of the flows that are on and 
surrounding the domes clearly indicates that these flows are highly viscous in their 
emplacement and may also have been explosive in places. The similarities of the Gruithuisen 
domes 8 and y to terrestrial silicic domes, in terms of morphology and viscosity of lavas, has 
led to the interpretation that these features might possibly be related to plutons of granitic 
composition which may occur within or below the lunar crust (2). 

An extensive spectral mapping (UV-visible-near-infrared domain) of the Gruithuisen 
domes region with high spatial (sampling: 0.7 km/pixel) and spectral (R=100) resolution 
CCD images has been made at the 2 meter aperture (F/D=25) telescope of the Pic-du-Midi 
Observatory (France). The region under study is centered on the Gruithuisen 8 and y domes. It 
extends from a mare region located south of the domes to the blanket ejecta of the crater 
Mairan A to the north, though the crater itself is not included in the image. It respectively 
includes to the West a portion of the highlands, and to the East, a portion of the western 
border of Mare Imbrium, approximately located between the craters Gruithuisen B and 
Mairan E. 

The datasets, obtained in the October 1989 full-moon period, under 15° of phase angle, 
consist in repeated runs comprising 10 selected narrow-band images at 0.40, 0.56, 0.73, 
0.91, 0.95, 0.97, 0.98, 0.99, 1.02 and 1.05 micron. The processing of the data allows for 
the production of a three-dimensional high quality spectro-imaging dataset, with each image 
pixel characterized by its spectrum ranging from 0.4 to 1.05 ^m. Reflectance spectra 
retrieved from the three-dimensional dataset are normalized to a standard area taken in a 
mare region south of the domes. Depending on the information being considered (reflectance 
or reflectivity), these spectra are scaled or not to unity at 0.73 urn (3). 

Mare materials: 

In the near-infrared domain, spectral characteristics of the mare regions within the image 
are homogeneous and are spectrally identical to the standard area. Exception is for the 
northern portion of the western border of Mare Imbrium seen in the image, which shows 
depleted ratios about 4% relatively to the standard. However, mare regions show spectral 
variations relatively to the standard in the UV/VIS image. Both a portion of the mare located 
south of the domes, and of the western border of Mare Imbrium, have a 0.40/0.73 urn ratio 
slightly above (about 4%) the standard. For the northern portion of the western border of 
Mare Imbrium depicted above, this ratio is about 10 to 12% above the standard. This mare 
unit is therefore bluer than the mare unit taken as the standard. The observed distribution 
and the spectral characteristics of the basalt units within the image are consistent with the 
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previous global mapping of Pieters, and suggest that the standard area has a spectral type 
close to that of MS2 (4). 

Domes: 

Spectra retrieved in the dataset from both the Gruithuisen 5 and y domes (and also from the 
small dome located northwest of y) are very consistent with those of red spots relative to MS2 
(1), particularly in the case of Gruithuisen 5. In relation to the following, it is of interest to 
note that when not considering the UV spectral behaviour, these spectra are close to highland 
materials spectra (1). 

Spectral mixing modelling : 

Relying on this spectral information, a spectro-mixing analysis considering two 
endmembers (mare and dome endmembers) reveals that the image spectral variability both 
in reflectivity and reflectance can be globally explained, with an overall image residual at the 
level of 1.4%. 

Nevertheless, spatially organized patterns display significant local residuals in the UV-VIS 
domain (0.40, 0.56, 0.73 pm) which are clearly distributed within or in the vicinity of 
identified morphological units (5 and y domes, Gruithuisen A crater and the blue mare unit in 
Mare Imbrium described above). This is very likely related to UV-VIS spectral slope 
variations possibly due to different causes (Ti02 content, maturation effects,...) which are 
not presently discriminated. On the basis of both the mixing results and the examination of the 
spectra across the dome units and surroundings, the dome 5 appears fairly homogeneous with 
a possible extension of the same spectral unit to the north, including the high albedo linear 
morphological feature next to the dome and oriented NW-SE. The dome y, as for it, displays a 
much more obvious spectral heterogeneity (0.40-0.56 pm region), spatially related to a 
crescent-like unit the morphology of which should be investigated in more detail. This 
crescent-like unit may connect to the small dome called "Northwest" (2) but is mainly 
located within the morphological unit of the dome y, including the southwest area where the 
presence of flow units has been proposed (2). 

Also, in the northern part of the image, one notes a specific spectral behaviour departing 
from the endmembers mixing results in the 1.05 pm region, in possible association with the 
southeast part of Mairan A ejecta. 

To the west of the dome y is an area physiographically located in the highlands. However, 
with the above modelling, it seems to be well taken into account by the spectral mixing, with 
the exception of the UV domain. In order to determine whether this is fortuitous or not, we are 
currently investigating, when introducing a highland spectral type endmember, the relative 
amount of highland materials which really contribute to the observed surface properties. It 
keeps open the possibility that this area may comprise dome-like material. 

References: 
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DETERMINATION OF NANOGRAM AMOUNTS OF C60 BY HIGH PRESSURE LIQUID 
CHROMATOGRAPHY. L.P.F. Chibantel, W.S. Wolbach?, and D. HeymannS. 
^Departments of Chemistry and of Geology and Geophysics. Rice University, 
Houston TX 77251, USA. (713) 5274890. ^Department of Chemistry. Illinois 
Wesleyan University, Bloomington IL 61702-2900, USA. 

The determination of nanogram amounts of C60 in natural materials by high 
pressure liquid chromatography (HPLC) has the following strong features: a) 
the chemical preparation of samples is simple; b) the analysis is fast; c) 
quantitative analysis is simple; d) the technique itself can be used to separate 
C60 from interfering substances prior to analysis. 

Our own analytical system consisted of: 2 Waters model 510 pumps, the U6K 
injector, the Waters 996 Photo Diode Array detector, and the 3.9 mm x 300 
mm Nova-Pak™ C-18, 4 pm chromatography column. The mobile phase was a 
mixture of methanol and toluene, usually 50:50%, or 55:45%, at a flow rate of 
2 ml/min. Increased proportions of methanol lengthen the retention time of 
C60. increase the resolution of substances, and decrease the peak heights in 
the chromatograms. The photodiode array collected the UV/VIS spectra in the 
range 310-430 nm every 4 seconds; however, the chromatograms shown in 
this abstract are constructed from absorption at 330 nm. The volumes 
injected were 25/vl. 

Fig. 1 shows the chromatogram for the injection of 50 ng C60 (and C70) in 
toluene. The sharp peak at 1.2 min. is due to the injection. The peaks at 4.44 
and 6.90 min. are due to C60 and C70- Fig. 2 shows the calibration of 
sensitivity and linearity with a set of standards. Amounts as small as 0.5 ng 
injected can be determined. The accuracy for injections of more than 10 ng is 
mainly due to the error of the injection volume (± 8%). For smaller amounts, 
baseline corrections become the main source of errors. 

Fig. 3 shows the chromatogram of a toluene-extract from a clay sample. The 
much higher and broader injection peak is typical for extracts from natural 
materials such as clays and shales. It is due to toluene-soluble hydrocarbons. 
One consequence is that small peaks from nanogram amounts of fullerenes are 
"riding" on the flanks of these hydrocarbon signals, hence may become 
completely masked by them. We have investigated whether it would be possible 
to reduce the hydrocarbon content without affecting the fullerene content by 
treating samples containing C60 and C 70 as solids with 0.1 M « 2 Cr 207 in 2.0 M 
H 2 SO 4 at 85 and 50 °C for up to 620.5 hours. The results show that this 
treatment destroys too much fullerenes even at 50 °C. C60 was oxidized 
significantly faster than C 70 . On the basis of results such as shown in figures 1 
and 3, we concluded that it should be feasible to separate the hydrocarbons 
and fullerenes prior to analysis by HPLC. Since the retention times of the 
substances are known, one can collect the fluids emerging from the photodiode 
array in appropriate time intervals. The much diluted fullerene fractions must 
then be concentrated by evaporation. Preliminary experiments with the 
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analytical column show that this is feasible. We will, however, do the actual 
separations on a semi-preparative column which accepts injections of sample 
volumes up to 2 ml. 

This research was supported by grants from NASA, NSF and the Welch 
Foundation. 



FIGURE 2 => 

CALIBRATION OF INSTRUMENT 
SENSITIVITY AND LINEARITY 


«= FIGURE 1 


CHROMATOGRAM OF 50 ng EACH OF 
Ceo AND C 70 



CM CONCENTRATION (NG/ML) 



t/1 

2 

3 


E 



<= FIGURE 3 

CHROMATOGRAM OF EXTRACT 
OF A CLAY SAMPLE 






















































LPSCXXV 


253 


MORO: A EUROPEAN MOON ORBITING OBSERVATORY 

A.F. Chicarro (*) and G.D. Racca (*), Space Science Dept. (*), Scientific Projects Dept. (★), 
European Space Agency, ESTEC, Postbus 299, 2200 AG Noordwijk, The Netherlands. 


Background: 

The Moon ORbiting Observatory (MORO) mission is being studied by the European 
Space Agency as a candidate mission for the next medium-size (M3) project of ESA, in the 
framework of the Agency’s Horizon 2000 scientific program. The available budget for such a 
mission is about 350 M$ including launch. In the planetary field, MORO is in competition 
with a network of surface stations on Mars and a Mercury orbiter until the final selection in 
1996. MORO could be the first step of an ambitious long-term plan for lunar exploration 
and utilization in ESA (1). 

Scientific Objectives: 

The global characterization of the lunar surface, together with investigations of the interior 
and the environment of our natural satellite, represent the main scientific objectives of 
MORO. The following disciplines will be addressed by the core scientific payload: geology 
and morphology (imaging system); geochemistry and mineralogy (7-ray spectrometer, Vis- 
IR spectrometer); topography and heat flow (altimeter with radiometer capability). In 
addition, a number of instruments are also being considered for gravimetry (sub-satellite 
tracking), magnetism (magnetometer) and solar wind and electric field (plasma package). 

Mission Scenario: 

The stringent budgetary limitations, within the ESA plans for this class of mission, have 
imposed a limited spacecraft design and mission scenario on the study team. An Ariane-5 
launcher will be shared by the MORO spacecraft with other payloads. The mission scenario 
includes a launch into geo-transfer orbit with subsequent transfer into a proper autonomous 
lunar trajectory. The dry mass of the spacecraft will be limited to about 600 kg. Several 
trade-off studies are currently being performed to select the simplest spacecraft configura¬ 
tion which would satisfy the mission scientific objectives. A feasible mission concept, based 
on a 3-axis stabilized spacecraft in polar orbit, will be presented at the conference. 

Reference: 

(1) ESA s Lunar Study Steering Group, Mission to the Moon: Europe’s Priorities for the Scientific 
Exploration and Utilisation of the Moon , European Space Agency, ESA SP-1150, 190 pp., 1992 
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FORMATION OF IAB-IIICD IRON METEORITES; B.-G. Choi, and J.T. Wasson, 
Institute of Geophysics and Planetary Physics and Department of Earth and Space 
Sciences, University of California, Los Angeles, 405 Hilgard, Los Angeles, CA 90024. 

Iron meteorite groups IAB and IIICD often contain chondritic inclusions rich in 
planetary-type rare gas whose presence tends to exclude the possibility of formation in 
a low-viscosity core of the sort tthat produced the magmatic groups such as IIIAB. 
Groups IAB and IIICD also differ from other groups in terms of their very high 
abundances of volatile metals (C, Ga, Ge, As) and in terms of their element-Ni 
distribution patterns [1]. The compositions of the IAB and IIICD irons differ only in 
terms of the Ga, Ge and Ir contents of their high-Ni members [1]; no element resolves 
them at Ni contents < 90 mg/g. We therefore will treat them as a single group in this 
paper, and use IAB to refer to the combined group. To successfully model IAB, one 
must explain a large set of unusual properties. The bulk composition of IAB is inferred 
to be the same as the mean of the low-Ni (Ni < 68 mg/g) members of the group. The 
O-isotope compositions ( 6 18 0 - 5, A 17 0 ~ -0.45) of IAB silicates fall below the terrestrial 
fractionation line [2], suggesting a close link to carbonaceous chondrites such as CR or 
CM. Volatile abundances yield another link of IAB to carbonaceous chondrites; 
element/Ni ratios in IAB are high, similar to those in Cl and CM chondrites, and higher 
than those in other chondrite groups, carbonaceous chondrites. In this abstract, we 
suggest that the Ga and Ge depletion in high-Ni IAB irons is related to the high C 
abundance in this group. 

Several ungrouped irons are closely related to IIICD [3] and on some diagrams 
tend to fill the compositional gap between IAB and IIICD. If we substitute Ir for Ni as the 
reference axis in log-log plots, they are hardly resolvable. Like IAB members, they 
show enrichments of Au, As and Cu relative to magmatic irons. Another interesting 
observation is that on sideophile-lr plots the ME iron meteorites, which were produced 
by impact melting [4], plot with the dense high-lr head of IAB. The enrichment of melt- 
favoring elements in IAB, IIICD, ME and some ungrouped iron meteorites suggests that 
they originated by partial melting. It has been suggested that such partial melts were 
produced by impact melting in a megaregolith [1] or the incomplete melting of the 
interior of a parent body by an certain heat source [5,6]. Both models call for the melt 
to lie near the Fe,Ni metal-troilite cotectic in order to keep the melting temperature low. 

Kracher [5,6] examined a fractional-crystallization model of a partially differentiated 
chondritic parent body. Assuming that the initial melt contained slightly less S than the 
cotectic composition, he explained the dense head of low-Ni portion in IAB and IIICD 
iron meteorites by compositional kinks in siderophile-Ni log-log plots. Cocrystaliization 
of Fe,Ni metal and troilite changes the bulk distribution coefficient dramatically [7]. But 
one also expects compositional gaps to occur when cocrystallization begins. Troilite 
doesn’t accept most siderophiles into its crystal structure. About four times (by mass) 
more troilite than metal forms during cotectic crystallization [8]. Because analysts avoid 
troilite, the concentration of a strongly siderophile element should jump up to a value 
five times higher. Such compositional gaps are not observed. Also if the IAB melts 
were nearly identical to the cotectic composition of Fe,Ni metal and troilite, the fraction 
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of melt may have been too small to segregate out and form a metallic core, and we do 
not expect efficient fractional crystallization in small melt pools. 

We conclude that IAB siderophile element are better explained by different 
degrees of melting, plausibly formed by differing melting by impacts [1]. Because such 
melts have not experienced appreciable intermixing, they preserve more 
heterogeneous compositions than other iron meteorites formed in molten cores. This 
model can more easily account for the preservation of chondritic silicate inclusion 
because of the short duration of melting events. The densely populated low-Ni head 
head probably reflects almost complete melting. It is interesting and possibly significant 
that on siderophile-lr plots ME compositions are nearly identical to the low-Ni part of 
IAB. 

According to the impact model [1], elements showing low concentrations in IAB 
remained sequestered in other phases during the impact generation of melt and the 
collection of these melts into puddles and pools. A problem question is to infer the 
siting of Ga, Ge and Ir that explains how element/Ni ratios could be lOO-IOOOx lower in 
high-Ni melts than in the bulk chondrites. We suggest that this requires a strong 
nebular segregation into the different phases, i.e., the most refractory siderophiles and 
the most volatile siderophiles must be in phases distinct from the carriers of the 
common siderophiles. The high content of C and volatile siderophiles in IAB indicates 
that the precursor chondrite consisted of fine-grained matter that equilibrated with the 
nebular gas down to relatively low temperatures. In this case the high C content of 
these precursor materials probably reflects accretion as carbonaceous matter, similar to 
that in the CM or Cl chondrites. We speculate that the Ga and Ge condensed together 
with this carbonaceous matter, and that it played an important role in sequestering them 
during the impact production of high-Ni members. This leads to the prediction that bulk 
C contents should also decrease with increasing Ni. A tentative examination of 
available data suggests that this may be correct, with bulk C contents dropping from 
~20 mg/g at the low-Ni extreme to <0.5 mg/g in the high-Ni members. 

Reference: [1] Wasson J.T. et al. (1980) Zeit. Naturf.. 35a, 781-795; [2] Clayton 
R N (1983) EPSL. 65, 229-232; [3] Malvin D.J. et al. (1984) GCA. 48, 785 - 804; [4] 
Wasson J.T. and Wang J. (1986) GCA 50, 725-732; [5] Kracher A. (1982) Geophys. 
Res. Lett., 412-415; [6] Kracher A. (1985) PLSC 15, C689-C698; [7] Kracher A. and 
Wasson J.T. (1982) GCA, 46, 2419 - 2426; [8] Kullerud G. et al.1969, in Magmatic Ore 
Deposits (ed. H.D.B. Wilson) New Haven. 
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THERMAL-INFRARED MULTI-SPECTRAL OBSERVATIONS OF MARS; 

Philip R. Christensen, Arizona State University, Tempe, AZ. 

Thermal-infrared multi-spectral observations of Mars were made using the Mariner 9 Infrared 
Interferometer Spectrometer) (IRIS) and Viking Infrared Thermal Mapper (IRTM) instruments 
during the 1970's. These data revealed a great deal about the physical nature of the surface (e.g. 
Kieffer et al M 1977) and the composition and dust loading of the martian atmosphere (Hanel et 
al., 1972; Conrath et al., 1973; Toon et al., 1977). However, they have not been fully utilized to 
study compositional variations in the surface materials. Vibrational spectroscopy is an excellent 
tool for studying the composition of solid materials, utilizing variations in the fundamental 
molecular vibrational modes associated with different bond strengths and atomic masses. These 
variations produce spectral features in the range from ~3 to >50 pm; the spectral region observed 
by the IRIS and IRTM instruments. Much of the reason for die long neglect of the existing data 
stems from the development the Mars Observer Thermal Emission Spectrometer (TES) and the 
expectation that a wealth of new data would soon be available. Primarily out of frustration from 
the loss of this instrument, a reinvestigation of the existing data, initially undertaken many years 
ago (Christensen and Kieffer, 1984), has been performed. TTus analysis confirms the presence of 
strong absorption features clearly associated with surface materials in both the IRTM and IRIS 
datasets. 

The IRTM and IRIS data provide an excellent combination of high spatial (IRTM) and high 
spectral (IRIS) observations. However, the IRTM data provide relatively poor spectral resolution 
(4 surface-sensing bands between 7 and 30 pm) and the IRIS data have relatively poor (>150 
km) spatial resolution. Thus, the IRTM data can only provide spectral unit maps and cannot 
uniquely identify surface composition, and the IRIS data can only provide average compositional 
information over vast (~2 x 10 4 km 2 ) areas. In addition, surface studies using the IRIS are 
greatly limited because the overwhelming majority of the total spectra (~21,000) were acquired 
during high atmospheric dust opacity conditions, thus complicating surface observations. In fact, 
only 27 spectra were acquired during daytime (moderate signal-to-noise) conditions after the 
storm had cleared (L s > 0°). 

Taken by themselves, absorption features in a single IRIS daytime spectrum can either be 
attributed to: 1) absorption/reemission by suspended dust particles that are cool relative to the 
surface; or 2) emission minima associated with normal emission from a solid surface. At night 
the situation is not ambiguous because suspended dust is warmer than the surface and results in 
an emission m ax im a in the 8-12 pm region due to suspended silicates, whereas surface emission 
will always produce an emission minima. An emission maxima was commonly observed in 
nighttime observations during the 1971 dust storms, leading to the correct inference that the 
observed spectral features were due to suspended silicate materials. These observations, 
however, have led to a perceptional that virtually all emission minima observed in daytime 
observations were also associated with suspended dust (option 2 above). However, the 140 
spectra acquired at night under clear conditions by IRIS do not typically exhibit emission 
maxima between 8 and 12 pm, suggesting that the atmosphere was relatively clear and the 
emission was originating from the surface. 

The IRTM data provide additional, direct evidence that spectral features are due to surface 
materials. Data acquired by the Viking 1 IRTM between L s 10° and 60°, local time 7 to 16 H 
have been processed to determine surface emissivity. (Nighttime data were excluded because 
spectral variations produced by non-uniform temperatures of sub-resolution rocks and fines 
complicate the interpretation of emissivity at night (Christensen, 1982). Data from the four 
IRTM wavelength bands were binned, the highest brightness temperature determined and 
assumed to be equal to the kinetic temperature (equivalent to assuming unit emissivity in this 
band), and the resulting emissivity calculated in the remaining spectral bands. These data show 
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spatial variations in emissivity at 20 and 9 pm that closely follow surface albedo patterns. The 
correspondence with surface markings and the variations over small spatial scales rule out an 
atmospheric origin. 

The next step in the analysis compared clear-period IRIS spectra with the IRTM data to 
determine if emission minima in the IRIS spectra could be unambiguously attributed to surface, 
rather than atmospheric, materials. This analysis was done by degrading the IRIS spectra to 
IRTM resolution using the IRTM filter transmission data. Because of the lack of IRIS data, this 
analysis could only be done for two regions. The first covers five spectra acquired at ~50 N 
latitude from Arabia, Acidalia Planitia, and Tempe Terra; the second covers a strip near 300° 
longitude from 15° N to -30°S. Degradation to IRTM resolution shows good agreement with the 
IRTM data, strongly suggesting a surface origin. 

Once the surface origin of the IRIS spectral features can be established, it should be possible to 
compare the spectra of surface materials to spectra of minerals and rocks acquired in laboratory. 
Similar comparisons have been done using dust spectra (Hunt et al., 1973). Unfortunately, the 
IRIS data do not have sufficient radiometric resolution to allow detailed analysis. The surface 
data do show differences from the dust spectra and do reveal variation from place to place. 
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GRAIN RIMS ON ILMENITE IN THE LUNAR REGOLITH: COMPARISON 
TO VAPOR DEPOSITS ON REGOLITH SILICATES; R. Christoffersen, D.S. 
McKay, SN, NASA Johnson Space Center, Houston, TX 77058; L.P. Keller, MVA Inc., 
5500 Oakbrook Pkwy., Norcross, GA, 30093. 

Introduction. In efforts to understand regolith evolution on airless bodies in¬ 
creasing ^attention is now being payed to those processes and events that alter or 
weather the surfaces of regolith grains [1], This attention has developed partly out 
of the ongoing need to optimize models of planetary reflectance spectra and the 
growing recognition that diverse types of grain coatings and surface alterations occur 
which can strongly influence mineral reflectance properties [1,2]. In addition to their 
implications for optical properties, surface features on regolith grains have provided 
useful clues to the basic thermal, chemical and radiation history of regoliths. 

Ilmenite in the lunar regolith. Recent transmission electron microscope 
(TEM) studies have confirmed that silicate grains in the sub-20 pm fraction of lunar 
soils contain amorphous rims that likely formed by condensation of locally derived 
impact vapor [3], These studies found no analogous rim deposits or coatings on il- 
menite, but observations were limited by the low concentration of ilmenite relative to 
silicates in the bulk soils studied. We have re-examined ihnenites hand-picked from 
the sub-20 pm fraction of both submature and immature lunar soils and found that a 
large fraction do have outer margins that are highly altered and may contain vapor 
deposited material. The ilmenite rims have features that are also substantially different 
from those observed in silicates, and which we believe are influenced by solar radia¬ 
tion effects and subsolidus reduction, in addition to vapor deposition. 

Samples and methods. Ilmenite grains 5 to 20 pm in diameter were hand 
picked from the sub-20 pm fraction of lunar soils 10084 (I s /FeO=48), 67701 
(Is/FeO=39) and 61221 (Is/FeO=9.2) [4]. The grains were prepared for TEM study by 
ultra-microtomy techniques that have been described elsewhere [3]. In addition to a 
combination of conventional and high-resolution imaging techniques, the TEM work 
utilized energy-dispersive X-ray spectroscopy (EDS) with light-element capabilities to 
perform chemical analyses at scales of 10-50 nm. 

Results. The majority, but not all, of the ilmenites exhibit continuous outer rims 
60 to 120 nm thick, which are shown to be nano-crystalline by selected-area electron 
diffraction (SAED). The average grain size within the rims is estimated to be between 
4 to 10 nm, with a uniformly dense microstructure. Almost all rims show a 25-40% 
depletion in their atomic fraction of Fe relative to the grain interior. The very outer 10- 
50 nm of the rim contains Si (1.5-4.7 at.%), A1 (0.4-1.4 %), Ca (0.4-0.8 %), and S (0.3- 
0.5 %) in various proportions; none of these elements occur in grain interiors. 

SAED patterns confirm that nanocrystalline ilmenite makes up a portion of the 
rim material, but additional phases are required by the rim chemisty. We have noted 
two morphologically distinct types of crystallites within the rims. Type M crystallites 
are 8 to 10 nm in diameter with spherical or slightly elongate rounded shapes. 
Possibly due to interference from surrounding matrix their EDS analyses show a range 
of Fe/Ti ratios, although many show major Fe and minor Ti. The Type M grains are 
probably Fe metal, although some may also be small grains of ilmenite. The second 
class of rim components, Type R grains, occur as platelets 1 to 2 nm wide and 8 to 10 
nm long, oriented parallel to the (001) basal plane of the ilmenite. Because they are 
less than 2 nm wide the platelets have been difficult to identify from EDS analyses or 
microdiffraction, but their crystallographic orientation and shape is identical to that of 




260 LPSCXXV 

GRAIN RIMS ON ILMENITE IN THE LUNAR REGOLITH, Christoffersen R. et al. 

coarser precipitates of Ti02 (rutile) known to form both in reduced and oxidized il- 
menites [5]. Type R grains are typically highly concentrated in the outer 50 nmofa 
rim, with their concentation decreasing gradationally towards the interior of the ll- 
menite. In addition to Type M and R grains within the rims, the outer surfaces of some 
rims are decorated with spherical grains that we have positively identified as Fe metal. 
These are distinguished from Type M grains in that they are larger (10 to 20 nm m di¬ 
ameter) and occur as isolated blebs that protrude above the rim's outer surface. 

Discussion. We believe the rims formed at least partly by alteration of the ll- 
menite grain's outer margin, rather than as deposited material. In particular the Type R 
grains are most reasonably interpreted as precipitates that formed within the original 
ilmenite, and along with the Type M grains represent the replacement of the ilmenite's 
original outer margin with a polycrystalline assemblage. This interpretation, however, 
does not account for the enrichments in Si, Al, Ca and S observed in the outer 5 to 10 
nm of most rims. These elements would tend to indicate the presence of some type of 
thin surface deposit. In a few ilmenite grains we have been able to resolve a distinct, 
thin outer surface layer 2 to 5 nm thick, which may be the source of the anomalous el¬ 
ements. An interpretation of the Si and S in the rims as being derived from vapor de¬ 
position processes is consistent their known volatility [6], as well as with their pres¬ 
ence in coatings on silicate grains now thought to be vapor deposits [3]. Ca and Al, 
although more refractory, should also occur in vapor deposits because they are major 
components of soil that is completely vaporized by micrometeorite impact. 

The ilmenite rims differ from those on silicate grains in that they are not amor¬ 
phous and, with the exception of their outer surface layers, differ in composition from 
their host grains only with respect to being Fe depleted. Although additional confirm¬ 
ing evidence is needed, the phase assemblage within the rims appears to contain rutile 
and some Fe metal in the form of the type M grains. Both are established products of 
ilmenite reduction at 900-1000°C under H gas in the laboratory [7]. An alternative, 
low-temperature, reduction mechanism may be related to reactions discussed by [8] 
and [9], in which H + implantation by the solar wind causes in situ reduction. 

An origin for the rims as the product of solar wind effects is consistent with the 
gradational nature of the rim alteration, but it is clear that their formation involved 
processes other than just radiation damage per se. As noted above, one of these pro¬ 
cesses involved the formation of a Si-enriched surface layer by vapor deposition The 
surface blebs of Fe metal are distinctly coarser in grain size than the bulk of the ll- 
menite rim, and these may have formed when the grain's very outer margin was re¬ 
duced in episodes of short duration, higher temperature heating. Such episodic heat¬ 
ing may account for the Fe loss from the ilmenite rims by volatilization. Alternatively 
the Fe metal component might have been volatilized over time due to diurnal solar 
heating, which can produce temperatures of 100-120°C on the lunar surface. 

The fact that ilmenites appear to have a thinner layer of vapor-deposited mate¬ 
rial relative to regolith silicates may be because the ilmenite surface is more reactive 
and experiences volume changes, lattice strains and recrystallization associated with 
in situ reduction. Such processes may make ilmenite a less receptive substrate for ac¬ 
quiring and retaining vapor deposits. ^ n .1 

4 References. [1] We . B. et al. (1993) LPI Rpt 93-01, LPI, Houston, TX.14J2] Hapte B et aJ 
(1975) Moon, 13, 339. [3] Keller, L.P. and McKay, D.S. (1993) Science 261, 1305 [4] Moms, R.V. (1978) 
ProcM.Planet. Sci. Conf. 9th, 2287. [5] Haggerty, S.E. (1976) ii 1 Oxide Minerals,^ Rumble ed. MSA 
S.Course Notes, 3, Hg-1. [6] DeMaria, G. et al. (1971) Proc. L.Sci. Conf. 2nd, 1367 [7] Allen Cetal (1994) 
this volume. (8] Housley, R.M. et al. (1974) Proc. L. Sci. Corf. 5th, 2623 [9] Yin, L. et al. (1975) Proc. L. 
Sci. Conf. 6th, 3277. 
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mwAcSJfSLPi ^™ 81 ^ 10118 ON THE LUNAR SURFACE: A COMPARISON BETWEEN 
MEASUREMENTS OBTAINED FROM SURFACE AND ORBITAL PHOTOGRAPHY; Mark J 

f m S! a J a ? d ? Cathleen M - McBride * ♦Code SN4, NASA Johnson Space Center; ♦Code C23‘ 
Lockheed Engmeenng and Science Co.; both in Houston, TX 77058. 

■ ♦ distribution of blocks on the lunar surface is an important parameter not only in the 

interpretation of remote-sensing data such as those obtained from radar 7 , and thermal 2 
SC !l S ? r % bl ^-,^ ls0 m °P erational activities, such as hazard evaluation for landing spacecraft 

for traverse Planning. Unfortunately, few data exist that treat the 
distribution of blocky debris on the lunar surface. Those distributions that do exist either 
cover limited yeas around landed spacecraft, 3 - 4 treat relatively small fragments, 3 - 4 - 5 - 6 or 
address pathological cases, such as distributions around impact craters. 7 - 6 The ideal 
situationwould permit assessment of block distributions over a wide area and a large range of 
sizes. This contribution resulted from an evaluation of the usefulness of high-resolution 
or ! ° oyaphy in deriving the distribution of blocks on the lunar surface by comparing 

such data with those obtained from Surveyor photography of the same localities on the Moon. 
Methodology: ^ Enlargements^ Lunar-Orbiter photography were used in conjunction with a 
digitizing tablet to collect the locations and dimensions of blocks surro unding the Surveyor 1 
3, 6, and 7 lyiding sites. Data were reduced to the location (latitude and longitude) and the 

m u aJ ^ 3X1 ® 0fth .ir Slbl e P ort30n of each block; 9 shadows sometimes made it difficult to assess 
whether the visible major axis corresponded with the actual principal dimension. These data 
were then correlated with the locations of major craters in the study areas, thus subdividing 
toe data set into blocks obviously associated with craters and those in intercrater areas A 
block was arbitrarily defined to be associated with a crater when its location was within 1.1 
crater radu of the crater's center. Since this study was commissioned for the ultimate 
purpose of determinmg hazards to landing spacecraft, such a definition was deemed 
appropriate in defining block-related hazards associated with craters. Size distributions of 
smaller fragments as determined from Surveyor photography were obtained as measurements 
from toe graphical data of [3]. Basic comparisons were performed through use of cumulative- 
frequency distributions identical to those applied to studies of crater-count Hqt a 
Data: The Surveyor data and least-squares fits passed through them are presented in Figure 
1, along withthe block distributions for the four areas as derived from toe orbital 
photography. Three separate distributions are plotted for all but the Surveyor 7 site: one each 
for toe blocks mside craters, those in the intercrater areas, and the sum of both subsets. The 
natm-e of toe Surveyor 7 site, located on the near-field ejecta deposits of Tycho, precludes 
such a subdivision. In all cases, the slopes of the distributions determined from toe orbital 
photography are greater than those obtained from the Surveyor photography, but there is a 
trend m the Surveyor 1 and 3 data toward lower slopes at the smaller size ranges. Only the 
number of huge blocks at the Surveyor 3 site appear to be in agreement with the projected 
trend of the smaller fragments, although this agreement could be fortuitous, in light of the 
substantial differences in slopes. The densities of large blocks are overestimated by the 
distributions of smaller fragments at the other three sites. 

mscusarton: The reasons for the differences between the orbital and surface data are not 
clear. The nonlinear distributions for the three mare sites (Surveyors 1, 3, and 6) provide 
potential for partial reconciliation between the two, in that their slopes for the smaller sizes 
appear to be ^thin the 95% uncertainty limits on the Surveyor fits. This decrease in slope, 
however, could be an artifact of deteriorating discriminability as the limit of resolution is 
^ Surveyor 7 data clearly deviate from the distribution of large blocks, and it 
is difficult to envision an effect related to resolution that could account for such a well-defined 
difference Even given these uncertainties, it is clear that extrapolation of data obtained from 
surface photography has the potential to overestimate the density of larger blocks on the 

at u?®*, at 1116 four sites studied here - Conversely, simple extrapolation of areal 
densities of laige blocks cannot be justified in predicting the distribution of smaller fragments 
on toe lunar surface. 
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Figure 1. Block distributions as measured in the vicinity of the Surveyor 1, 3, 6, and 7 spacecraft. 
Only those blocks whose dimensions are larger than the effective resolution limit of die respective 
photograph are included in the plots. The number of blocks in each sample is indicated, as is the 
area on the lunar surface covered by each set of measurements. Note that the large oc 
distributions that are invariably steeper than those of the smaller fragments measured on the 
Surveyor photographs. 3 Error bars represent l-o confidence limits, assuming that the data can be 
represented by Poisson distributions. ^ 
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ACID WATERS AS AGENTS OF CHANGE ON A COLD EARLY MARS; Benton C. 
Clark, Planetary Sciences Lab (B 0560 ), Martin Marietta, Denver, CO 80201 . 

The concept of a "warm early Mars" depends upon the observation of widespread 
geomorphological changes via fluid processes early in Mars history. Acid waters, which seem 
inevitable on Mars because of the S-rich lithosphere [ 1 ] and a relatively high SO x /H20 ratio [ 9 ], 
would allow a "cold" early Mars if neutralizing reactions were sufficiently slow. 

Qutgasstng Source for Martian Volatiles . Volcanism on Mars has been widespread in both space 
and time. Notwithstanding important specific differences between the mantles of Earth and Mars, 
the geochemical similarides are such that the suite of gases emitted from martian volcanic activity 
should include H2O, CO2, S-containing gases (e.g., H2S and/or SO2) and Cl-containing gases 
(e.g., CI2 and/or HC 1 ). Both H2O and CO2 exist in the atmosphere of Mars. Both are also 
present as surface condensates. However, spectroscopic observations of the martian atmosphere 
clearly show that the S- and Cl-containing gases such as SO2, OCS, H 2 S, and HC1 are severely 
depleted, with upper limits of < 10 ' 7 to 10 8 of the abundance of C 0 2 [2]. Likewise, there is no 
evidence of polar condensates of compounds of these elements, as there is for CO2 and H2O. 
Within the soil, on the other hand, there has been direct measurement of incorporated H2O [ 3 ] and 
abundant compounds containing sulfur and chlorine [ 4 ], Barring some as yet implausible 
geochemical sequestering process, the S/Cl ratio of about 6:1 in martian soils implicates a limit of 
5 % on the contribution of material of solar-like composition (e.g., carbonaceous chondrite or 
cometary matter) to these volariles [ 5 ]. Hence, exogenous sources are minor or not yet observed, 
and the dominant s ource of observable volatiles at the surface of Mars is magmatic outgassing . 

Amounts of Outgassed Water. Estimates for the total magma generated after crustal formation and 
the terminal stages of heavy bombardment have recently been updated. Although some 60 times 
lower than the current areal rate of extrusive lava resurfacing on Earth [6], the martian total is still 
equivalent to the release of 50 m of water averaged over the planet for every 1 % (wt/wt) of H2O 
released from extrusive and inferred near-surface intrusive magmas. 

M odel for Cold Hydrous Weathering and Fate of Martian Surface VolaUies 

1 . Predominant source of volatiles is magmatic 

Only minor amounts exogenously imported, as evidenced by S/Cl ratio 

2 . Magmatic gases are acidic (SO 2 , SO 3 , HCI), or convert photochemlcally 

to strong acids (H 2 S-->S 02 -->S 03 ->H 2 S 04 ; CI 2 -->HCI). 

3. H 2 0, HCI and H 2 SO 4 form acid lakes. Via eutectic freezing point 

depression, portions remain liquid down to 200 K. 

4. Chemical Weathering reaction rates are low 

(a) low temperatures; (b) armoring of mineral grains; (c) resistant minerals 

5. Physical Weathering reaction rates remain high 
Geomorphological modifications occur via hydrological processes 

(a) erosion by flowing liquids; (b) infiltration/sapping; (c) freeze-thaw phenomena 

6 . Eventually, chemical weathering becomes the sink for acids and H 2 0 

_Salt formation removes S, Cl; H 2 Q goes into clays, Fe oxyhydroxides, etc._ 


Acidity of Water . High acidity will result due to the preponderance of S and Cl components in 
magmatic emissions. On Mars, the acid/H20 ratio appears to be considerably higher than for 
Earth. Dreibus and Waenke [8] have pointed out that Mars mantle CI/H2O may be nearly 1:1 (by 
weight). With the observed high S/Cl ratio in soil, the H2SO4/H2O ratio in surface waters could 
become quite high ( 0.1 to 10 ). Waenke et al. [ 9 ] have proposed, in fact, that SO2 would be more 
abundant than H2O and would be the dominant fluid for physical weathering on Mars. However, 
SO2 rapidly converts via photochemically-driven atmospheric reactions into SO3, and subsequently 
into H2SO4. Furthermore, S is removed from aqueous sulfuric acid solution more rapidly than 
H2O in typical weathering processes. 
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Physical Activity of Acid Waters . The phase diagram of H 2 SO 4 /HCI/H 2 O is highly complex, due 
to the existence of several solid hydrates of each of the strong acids, as well as H 2 O ice. Pure 
HC1 freezes at 161 K. Although pure H 2 S0 4 itself freezes at 283 K, its aqueous solutions have 
extraordinarily depressed freezing points. Of great potential consequence for Mars is that the 
eutectic aqueous solution of 39% H 2 SO 4 does not freeze until about 200 K, well below the 
diumally-averaged temperatures at all latitudes on contemporaneous Mars during local summer 
(except on residual ice deposits). Eutectics form by freeze out of end-member or intermediate 
products. Thus, precipitation of ice or acid hydrates drive the residual liquid toward the eutectic 
point so that liquid remains present even at very low temperatures. Viscosity will be high because 
of the low temperatures and acid content. Erosion and sapping processes will still occur due to the 
transport properties of the fluid, augmented in part by increased density (1.3 g/cm 3 at the above 
eutectic). Analogs on Earth are difficult to come by, although erosive lavas and mud flows may 
represent better analogies than the extremes of fresh water or glacier ice. 

Persistence of Acid Waters . Some minerals will be more susceptible to weathering than others, but 
reaction rates vary enormously as a function of temperature [7] and H 2 O availability. Susceptible 
materials, such as olivines, glass, or carbonates, will be chemically attacked, while pyroxenes, 
feldspars and Fe,Ti oxides will be much more resistant. The mineral assemblages of shergottites 
are in the’second category. Initial acid-mediated weathering rinds typically form barriers to greatly 
slow further conversion of source material [ 8 , 11 ]. 

Fate of Water . Chemical armoring and sediment sealing of lake beds can form a barrier to further 
attack. Infall of eolian transported debris will provide new material, but settling rates, grain size, 
composition-dependent reaction rates all affect the acid neutralization rate. If Mars' dominant 
soluble anion is S 0 4 2 , then strong freezing-point depressors such as CaCl 2 would not be available 
for salt brines [10] because of spontaneous reaction to form poorly-soluble CaS0 4 . A pervasive 
drawdown of atmospheric volatiles would result from chemical reaction with abraded and 
comminuted surface materials and may be key to climatological evolution on Mars. 


References: 1. Clark and Baird, J. Geophys. Res. 84> 8395-8403, 1979. 2. Owen,T. in ^ ^ 
Mars . Ed. by H. Kieffer et al„ U. Ariz. Press, 1992, p. 818-834. 3. Biemann et al Icarus M. 
645-665(1978). 4. Clark et al. J. Geophys. Res. 87, 11059-10067 (1982). 5. Clark, B. 
Icarus 21,250-256 (1987). 6 . Greeley and Schneid, Science 254, 996-998 (1991). 7 Burns, 
R. Geochem. Cosmochem. Acta 57 (1993). 8 . Dreibus, G. and Waenke, H., Icarus H. 225- 
240 (1987). 9. Waenke et al., MSATT Conference, Kona, June 1992. 10. Clark, B. and van 
Hart, D., Icarus 45, 370-378 (1981). 
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INFRARED SPECTRAL OBSERVATIONS OF SMALLER (50KM) MAIN 
BELT S, K, AND M Type ASTEROIDS; Beth E. Clark*, Jeffrey F. Bell 2 , Daniel J. 
O Connor 3 and Fraser P. Fanale 2 , ^McDonald Observatory, University of Texas at 
Austin, 78712, 2 Planetary Geosciences, University of Hawaii at Manoa, 96822, 
department of Physics, University of Siena. 

INTRODUCTION 

We report on our most recent observations of S, K, and M Type asteroids 
obtained with the seven color infrared filter system (SCAS) at the NASA Infrared 
Telescope Facility on Mauna Kea. Thirty-five new asteroid observations are 
presented, and bring the total of SCAS asteroid spectra to ninety-three. Among this 
collection are 81 S-types, 9 M-types, 1 C-type, 2 previously reported K-types and 
possibly 5 newly identified K-types. The average size of SCAS survey asteroids is 
about 50 km in diameter, compared to the average size of 102 km for the 52-color 
survey S-types [1]. Results of the analyses of these data are encapsulated as follows: 

RESULTS 

1) Asteroid 69 Hesperia has been observed with both the SCAS and the 52-color 
systems [1]. The 52-color data present Hesperia as a spectrally anomalous M-type. An 
average of four recent observations with SCAS however, show Hesperia to be a quite 
normal M-type, with a smooth spectral continuum slope of 0.24% (see Figure 1). 

2) Asteroid 136 Austria, classified M-type by Tholen and Barucci [2], now appears 
to be more like an S-type upon analysis of integrated visible [3] and infrared 
wavelength spectra. 

3) Asteroids 397 Vienna, 458 Hercynia, 642 Clara, 824 Anastasia, and 1186 Tumera, 
previously classified as S-types by Tholen and Barucci [2] actually appear to have K- 
type infrared spectral characteristics. A K-type asteroid, as described by Bell [4], is one 
which has S-type visible spectral characteristics and C-type infrared spectral 
characteristics. K-types have been proposed to be the CV/CO meteorite parent 
bodies. 

4) Asteroids 513 Centesima and 633 Zelima, previously classified K-types by 
Granahan et al. [5], are verified as K-types with this data set. 

5) Points 3 and 4 combined imply that a sampling of 83 S-Type asteroids as 
classified by the Tholen taxonomic system [6] will contain about 8% "misclassified" 
spectral K-types. 

6) Spectral continuum slope ranges for the M-class asteroids as previously reported 
by Fanale et al. [7] based on the 52-color data have been extended from 0.04 - 0.33% to 
0.03 - 0.39%. Continuum slopes known for laboratory samples of Fe,Ni metallic 
meteorites range from 0.22 - 0.64%. 
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CONCLUSION 

These new observations are part of the growing database of asteroid reflectance 
spectra. This database is envisioned to eventually cover all observable size ranges of 
main belt, near earth and trojan asteroids. Integration of high and low resolution, 
visible and infrared data will be of invaluable use to compositional spectroscopists and 
planetary statisticians and will serve towards our goal of a more detailed 
understanding of the formation and geologic histories of small bodies in the Solar 
System. 

REFERENCES 

[1] Bell J.F. et al. 1988, LPSC XIX, 57-58. [2] Tholen D.J. and Barucci M.A. 1989, 
Asteroids II, 298-315. [3] Chapman C.R. and Gaffey M.J. 1979, Asteroids, 655-687. [4] 
Bell J.F. 1988, Meteoritics 23, 256-257. [5] Granahan J.C. et al. 1993, LPSC XXIV, 557- 
558. [6] Tholen D.J. 1984, Ph.D. Thesis, Univ. Arizona. [7] Fanale et al. 1992, Jour. 
Geophys. Res. 97, 20,863-20,874. 



FIGURE 1 Spectral reflectance of asteroid 69 Hesperia, as obtained by the various 
systems shown. Note that four observations, separated in time, are averaged to 
produce the SCAS spectrum shown here. 
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REMOTE GEOCHEMICAL EXPERIMENT PACKAGE FOR DISCOVERY CLASS MISSIONS 

Pamela E. Clark, Catholic University, Washington DC; Larry G. Evans, Computer Sciences Corporation, 
Lanham-Seabrook, MD; Jacob I. Trombka, NASA/GSFC, Greenbelt, MD. 

Remote sensing X-ray and gamma-ray spectrometers can be used to infer elemental composition 
on atmosphereless bodies, such as asteroids, the moon, and Mercury (1). The composition of the 
planetary body and variations in its surface chemistry are of fundamental importance in understanding 
the formation and dynamics of that body. Thus, for Discovery class missions, X-Ray Fluorescence 
(XRF), Gamma-Ray Spectrometer (GRS) or a combined Geochemical Experiment Package (GEP) have 
been proposed. These instruments can meet the mission science objectives, while still meeting the 
weight, power, and cost constraints. These missions include NEAR (Near Earth Asteroid Rendezvous), 
MASTER (Main-belt Asteroid Rendezvous), and others such as HERMES (Mercury Orbiter). This paper 
presents the results of calculations done to assess the sensitivity of a combined instrument to obtain 
elemental compositions of planetary bodies with an uncertainty small enough to be scientifically 
useful. 

The first orbital experiment package was flown on the Apollo 15 and 16 missions in the early 1970s. 
The Apollo experiments were highly successful in providing surface compositional data of a solar 
system body without an atmosphere (2, 3, 4, 5). Orbital determinations of major and some minor 
elements of lunar petrological interest extended the 'ground truth' provided by the lunar sample 
collection (3, 6). Specifically, the experiment consisted of XRF spectrometers that provided maps of 
Al/Si and Mg/Si abundance ratios at 30 km resolution, and a GRS that provided maps of Fe, Ti, Th, 
and K abundances, and overall radioactivity at varying resolutions. 

Analyses of lunar orbital geochemical data led to a greater understanding of the distribution and 
relative abundances of major rock types on the Moon. This work, involving correlation of 
compositional data with geological maps and in situ data from sample sites, has been done on various 
scales: a) global (scale of thousands of km), to provide average composition of the surfaces of 
highland, maria, and plains terranes (e.g., 7); b) regional (scale of hundreds of km), to demonstrate 
compositional variations within terranes, which has provided crucial evidence in support of highland 
volcanism) (e.g., 3); and c) local (scale of tens of km), to study surface expressions of underlying 
chemistry as exposed by local impact and volcanic features at or near landing sites and in other places 
of geological interest (e.g., 9). 

Technological improvements that have occurred since Apollo mean that such a package flown today 
would have additional capabilities, including inherently higher spectral resolution. An XRF instrument 
flown today could provide compositional maps of Al, Mg, Si, Ca, Fe, Ti, and in some cases S. A GRS 
instrument would provide additional data on Mg, Al, Si, Fe, K, O as well as H, Ni, Th, and U, in some 
cases. 


Datasets from each of the two experiments provide independent and yet complimentary measures of 
elemental abundances. In the presently proposed GEP, the two instruments will in some cases 
generate abundance data for the same elements (Fe, Mg, Al), but at different resolutions and for 
different sample depths. Depths sampled (from which meaningful signals are received) by the XRF 
and GRS experiments are micrometers and tens of centimeters, respectively, although signals may 
originate from a depth of up to 0.5 m for naturally radioactive elements such as Th. Thus, the 
uppermost regolith, a mixture of gardened materials, would be sampled by the XRF measurements 
while bedrock may be included in the GRS measurements. Comparison of XRF and GRS derived 
datasets for the same element will give information on near-surface regolith stratigraphy and/or 
differences between local and regional expressions of major rock types. 

Previously developed models of gamma-ray emission (8) used for the Mars Observer mission and XRF 
(9) used for the Apollo experiments were used to determine integrations times required to obtain 
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elemental compositions (with a 10% uncertainty at 2 sigma above background) for the targets of 
proposed Discovery class missions. These targets include both near-Earth and mainbelt asteroids. 

The calculations were done for proposed orbital trajectories and time frames. The Sun, the primary 
source for fluorescent X-rays, was assumed to be at the mid-cycle level, appropriate for the years 
1998-2003 proposed for these missions. The XRF instrument was assumed to have a field of view 
of 5° and 10° for NEAR and MASTER, respectively, while the GRS instrument was assumed to have 
a 45° field of view for both missions. Calculations shown here are for likely compositions for these 
targets: 1) Carbonaceous Chondrites Type 1 (CC1) and High Fe Chondrites (CHi) in the case of NEAR, 
and 2) Eucrites (Euc) for Vesta and Stony Irons (Pallasites) for Iris in the case of MASTER. 


TIME TO MEASURE MODEL COMPOSITION TO 10% UNCERTAINTY 
NEAR_ _ MASTER _ 



MODEL TIME 

MODEL TIME 

MODEL TIME 

MODEL TIME 


CC1 XRF 

GRS 

CHi XRF 

GRS 

Euc XRF 

GRS 

Pal XRF 

GRS 

Mg 

9.6% 8 m 

18 d 

14.2% 6 m 

4 d 

4.3% 10 m 

38 d 

11.9% 4 m 

5 d 

Al 

0.9% 6 h 


1.0% 6 h 


6.6% 9 m 

180 d 

0.2% 5 d 


Si 

10.3% 9 m 

21 d 

18.1% 6 m 

4 d 

22.9% 3 m 

2 d 

8.0% 15 m 

15 d 

s 

5.9% 15 m 

140 d 

2.0% 2 h 


0.2% 3 d 


0.0% 


Ca 

1.1% 7 h 


1.2% 7 h 


7.4% 1 h 


0.2% 11 d 


Ti 

.05% 160 d 


.08% 90 d 


0.4% 7 d 


.06% 


Fe 

18.4% 55 m 

8 d 

27.6% 46 m 

1 d 

14.6% 3 h 

4 d 

54.5% 1 h 

9 h 

0 

46.4% 

35 d 

33.9% 

42 d 

46.4% 

23 d 

19.5% 

120 d 

H 

2.0% 

2 d 

0.1% 


.01 % 


.01 % 


Ni 

1.1% 

280 d 

1.7% 


0.5% 


4.7% 

120 d 

K 

430 ppm 

19 d 

800 ppm 

6 d 

350 ppm 

29 d 

100 ppm 

350 d 

Th 

.032 ppm 


.042 ppm 


.45 ppm 

75 d 

.01 ppm 


U 

.01 ppm 


.014 ppm 


. 13 ppm 

100 d 

.002 ppm 


Where the times are given in 

m = minutes, h 

= hours, 

and d = days. 





Our results indicate that surface mapping at up to tens of km resolution is potentially possible, and 
that asteroid classes should be readily distinguishable relatively early in a year-long mission: 1) 
carbonaceous chondrites on the basis of high H and S, and types within the class by variations in Mg, 
S and H; 2) ordinary chondrites on the basis of high Mg, Si, K, Th, and U, and types within the class 
by variations in Fe; 3) achondrites on the basis of high Al, Ca, and Si, low Mg and Fe, and types 
within the class by variations in Al, Ca, and Fe; 4) stony irons on the basis of high Fe and Ti, and low 
Si and Al, and types within the class by variations in Fe and Si. 


REFERENCES: (1) Adler and Trombka (1970) GEOCHEMICAL EXPLORATION OF THE ^ON AND 
PLANETS- (2) Bielefeld et al (1976) PROC LUN SCI CONF 7TH 266D2767; (3) Clark & Hawke (1981) 
PROC LUN PLAN SCI CONF 1 2TH 727-749; (4) Davis (1980) J. GEOPHYS. RES. 85 320 ^^ 
Metzger et al (1977) PROC LUN SCI CONF 8TH 949-999; (6) Hawke et al (1985) EARTH MOON 
PLAN 32 257-273- (7) Clark et al (1978) PROC LUN PLAN SCI CONF 9TH 3015-3027; (8) Evans and 
Squyres (1987)-LGEOPHYS. RES. 92. 9153-9167; (9) Cla,k et a) (1990) PROC LUN PLAN SCI CONF 

20TH 146-160 . 
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OXYGEN ISOTOPES IN KAIDUN; R.N. Clayton*’ 2 '-*, T.K. Mayeda*, A.V. Ivanov 4 , and 
G.J. MacPherson 5 . 1 Enrico Fermi Institute, 2 Dept. of Chemistry, 3 Dept. of the Geophysical Sciences, 
University of Chicago, Chicago, IL 60637; 4 Vemadsky Institute of Geochemistry and Analytical 
Chemistry, Russian Academy of Sciences, Moscow 117975; 5 Dept. of Mineral Sciences, Smithsonian 
Institution, Washington, D.C. 20560. 


Kaidun is a complex chondritic breccia containing clasts and matrix representing several dif¬ 
ferent lithologies. Some of these have been identified as Cl- and CR-like carbonaceous chondrites, 
and others are related to enstatite chondrites. Oxygen isotopic compositions are reported here for 14 
samples representing the various rock types. The compositions span a range of 15%o in * 8 0 and have 
variable A 17 0, reflecting origins in two or more parent bodies prior to final assembly of Kaidun. 
There are systematic relationships to known CR and enstatite chondrites, but the Kaidun data extend 
the ranges of previous reported trends. 


Table 1 presents brief sample descriptions and oxygen isotopic compositions. Fig. 1 shows the 
isotopic compositions of individual chondrules and chondrule-derived olivine fragments. Chondrule 
#05.05b is from the enstatite chondrite clast #05.05; #3.13a is a 5-mm diameter porphyritic olivine- 
pyroxene chondrule with extensive zoning in the silicates; #3.13e consists mostly of secondary 
phyllosilicates. The data for #3.13a and #3.13e extend the trend of carbonaceous chondrite chon¬ 
drules from the region of CR chondrules toward lower compositions. Fig. 2 shows the isotopic 
compositions of various clasts of carbonaceous and enstatite chondrite type. The CR mixing line of 
Weisberg et al. [1] is shown for reference. Two samples of “Kaidun breccia” — #01.3.19b and 
#01.3. lOh, consisting of clasts of Cl- and CR-like material — fall on the CR trend but differ from 
one another by 4.5%o in ls O. These materials fall on a mixing line between chondrules (at the lower 
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Fig. 1. Oxygen isotopic compositions of chondrules from various chon- 
dnte classes: circles — CM, CV, CO; triangles — O; crosses — E; plus 
signs — CR; squares — Kaidun. 


left) and Cl-like phyllosilicates, 
represented by the very fine-grained 
phyllosilicate-rich clast #56.03, at 
the upper right. The isotopic com¬ 
position of #56.03 is very similar to 
that of Orgueil, and has not been 
observed in CR chondrites. The three 
E-chondrite/achondrite clasts fall 
along the terrestrial fractionation 
line, as do whole-rock compositions 
of enstatite chondrites and aubrites 
[2], but lie higher on the fractiona¬ 
tion line than data from the E chon¬ 
drites and achondrites. Clasts #05.05 
and #3.06 are E chondrites; #3.01 is 
a unique “achondrite” consisting of 
angular enstatite fragments in a 
veined meshwork of Fe-Ni silicide or 
metal (7.6% Ni, 9.5% Si, 
Fe+Ni+Co/Si+P = 4.6); #05.05 is 
ie O-rich relative to its enclosed 
chondrule #05.05b. 

Clast 56.02 is a CM-like frag¬ 
ment with chondrules replaced by 
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phyllosilicates. Its isotopic composition lies 
0.5%o above the terrestrial fractionation line 
in a region unoccupied by any previous 
data. Clast #01.3.16b also consists largely of 
phyllosilicates and has a composition similar 
to CM matrix [3]. Most of the isotopic 
compositions reported here have 
recognizable counterparts in the data of 
Ivanov [4] for a different set of Kaidun 
samples. Together, the two data sets confirm 
that Kaidun is unique in containing such a 
diverse assemblage of carbonaceous and 
enstatite chondrites materials together with 
previously unrecorded types of meteoritic 
material. 

REFERENCES: [1] Weisberg et 
al. (1993) GCA, 57, 1567; [2] Clayton et al. 
(1984) JGR, 89, C245; [3] Zolensky et 
al. (1994) LPSC XXV, this volume; Ivanov 
(1989) Geochem. Inst., 26, No. 9, 84. 


Table 1. Oxygen Isotopic Compositions of Kaidun 
Components 




618 

6l 7 

Chondrules and chondrule fragments 



05.05b 

from E-chondrite 05.05 

8.12 

4.08 

01.3.13a 

P.O.P.; zoned silicates; 

8.32 

5.07 


5mm 



01.3.13e 

phyllosilicate-rich 

5.43 

1.42 

013.13d 

olivine-rich 

5.15 

2.73 

Oc 

olivine crystals 

3.30 

1.52 

Enstatite-rich clasts 




05.05 

EL3 

6.73 

3.52 

013.06 

EH 

7.71 

4.23 

013.01 

achondrite 

5.62 

3.52 

Carbonaceous clasts 



013.10h 

Q-CR-like 

10.52 

4.76 

013.19b 

CI-CR-like 

15.03 

7.00 

56.03 

alike 

19.01 

9.64 

56.02 

CM-like 

13.50 

7.53 

013.16b 

a-like 

14.11 

6.01 

01.3.18a 

pyrrhoti te-magneti te-rich 

6.43 

1.24 



Kaidun data from Table 1. 
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THE ROLE OF LOW TEMPERATURE HYDROTHERMAL CONVECTION IN THE PHYSICAL AND 
CHEMICAL EVOLUTION OF THE MARTIAN CRUST AND GROUNDWATER. S. M. Clifford, Lunar and 
Planetary Institute, Houston TX 77058, USA. 

Given a water-rich Mars and climatic conditions resembling those of the present, the existence of a 
geothermal temperature gradient within the crust will give rise to a corresponding vapor pressure gradient that 
drives the diflusion of H 2 O from the higher temperature (higher vapor pressure) depths to the colder (lower vapor 
pressure) near-surface regolith [1,2]. An important consequence of this geothermally-induced vapor transport is 
that the cold-trap represented by the pore volume of the cryosphere should remain saturated with ice for as long as 
a significant reservoir of subpermafrost groundwater survives on the planet. Under such conditions, a low 
temperature hydrothermal system will develop in the unsaturated zone between the water table and the freezing 
front at the base of the cryosphere (Figure 1) — a process that has likely had important consequences for the 
physical and geochemical evolution of the crust, the composition and viscosity of groundwater, and local 
cryosphere thickness. 

The development of a low temperature hydrothermal system within the unsaturated zone between the 
water table and the base of the cryosphere is a natural consequence of the thermally-induced origins of the 
diflusing water vapor. That is, as the crustal temperature gradient drives the upward migration of vapor from the 
water table, the vapor rises into the progressively colder crust above. This drop in crustal temperature results in a 
corresponding drop in saturated vapor pressure - forcing some of the ascending vapor to condense and drain back 
to the water table as a liquid. In this way a dynamic balance of opposing fluxes is achieved, creating a circulation 
system of rising vapor and descending liquid condensate (Figure 1). 

For reasonable values of crustal pore size (1-10 pm) and porosity (-20%), a geothermal gradient of 15 K 
km can drive a vertical flux (per unit area) of —8.3 x 10"^ - 2.8 x 10~^ m H 2 O yr"^ to the freezing front at the 
base of the cryosphere [1,2]. This is equivalent to the vertical transport of 1 km of water every 10° - 10 7 years, or 
roughly 10 - 10 km of water over the course of martian geologic histoiy. However, there is reason to believe that 
this thermally induced vapor flux was even greater in the past. Models of the thermal histoiy of Mars suggest that 
4 billion years ago the planet's internal heat flow was -3 - 5 times larger than it is today [3,4]. Because the vapor 
flux rate is directly proportional to the temperature gradient, this implies a similar increase in the volume of water 
cycled through the early crust. 

The convective cycling of 10 2 -10 3 kilometers of water (per unit area) between the water table and the 
base of the cryosphere should have had a considerable effect on the geochemical and physical evolution of the 
martian crust and groundwater. On Earth, groundwater that resides within crustal rocks for hundreds of millions 
of years generally evolves into a highly mineralized brine consisting of a saturated mixture of chlorides, 
carbonates, sulfates, silica, and a variety of other dissolved species [5]. On Mars, this geochemical evolution will 
likely be augmented by the influx of minerals leached from crustal rocks by low-temperature hydrothermal 
circulation . The cycling of 10 2 -10 2 km of water through the unsaturated zone between the water table and the 
base of the cryosphere will deplete the intervening crust of any easily dissolved substances, concentrating many of 
them in the underlying groundwater to levels far in excess of their respective saturation points. The resulting 
precipitation of these minerals beneath the water table should lead to widespread diagenesis and to the 
development of a distinct geochemical horizon within the crust [6]. Where exposed by subsequent faulting or 
erosion, this horizon should appear as a relatively competent layer whose upper boundary conforms to a surface of 
constant geopotential. Although not diagnostically unique, such an observation is consistent with mineral 
deposition in an unconfined aquifer in hydrostatic equilibrium. 

The concentration of soluble minerals beneath water table will also have a dramatic effect on groundwater 
viscosity. For example, at 290 K the viscosity of pure water is roughly 1 centipoise (— 10“ 2 Pascal-second); 
however, naturally occurring brines on Earth can have effective viscosities that are many orders of magnitude 
higher. Since virtually all calculations of fluid flow, both above and beneath the martian surface, have assumed the 
unlikely pure-water value of viscosity, their results could be off by a factor of 10, 10 2 , or even more. Two 
examples of hydraulic properties that are highly sensitive to the value of viscosity are the Reynolds number (which 
is inversely proportional to the fluid's viscosity) and the permeability of a rock mass necessary to permit a 
particular discharge (which is directly proportional to groundwater viscosity). Thus, where a local permeability of 
1 darcy may be required to permit a particular discharge for "pure" groundwater, a permeability as much as 
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Fig. 1 . An example of low-temperature hydrothermal circulation driven by 
the Martian geothermal gradient. 


Fig. 2. A hypothetical cross-section of the crust illustrating the poten¬ 
tial effect of low-temperature hydrothermal leaching on the local 
thickness of the cryosphere. 



several orders of magnitude higher might be necessary to support that same discharge given a more realistic 
estimate of groundwater composition and viscosity. 

Finally, the leaching of soluble salts from the crust - and their concentration in the underlying 
groundwater — will also have important consequences for the freezing point and local thickness of the cryosphere. 
For example, consider the cryosphere and groundwater relationships illustrated in the hypothetical crustal cross- 
section in Figure 2. In those regions where the water table and base of the cryosphere are not in intimate contact 
(e.g., see Section 2.3 of reference 2), the cleansing of salts from beneath the cryosphere will also eliminate any 
potential for a significant salt-induced depression of the freezing point - thus, maximizing the cryosphere's local 
thickness. On the other hand, where groundwater is in contact with the base of the cryosphere, the freezing 
temperature of the salt-saturated groundwater (and, thus, the basal temperature of the cryosphere) could be 
depressed well below 273 K - thereby minimizing the cryosphere's local thickness. For a groundwater system in 
hydraulic equilibrium, this suggests that the cryosphere of Mars will generally be thinner at lower elevations 
(where it is most likely in contact with groundwater) than it is at higher elevations. It also suggests that estimates 
of the total pore volume of the cryosphere that are based on the assumption of a globally depressed basal freezing 
temperature (e.g., Section 2.3 of reference 2) likely underestimate the total volume of water that could be stored as 
ice within the frozen crust 

A more detailed discussion of each of these points is currently in preparation. 

References: [1] Clifford, S.M. (1991). Geophys. Res. Lett., 18, 2055-2058. [2] Clifford, S.M. (1993). J. 
Geophys. Res., 98, 10973-11016. [3] Davies, G.F., and R.E. Arvidson (1981). Icarus, 45, 339-346. [4] Schubert, 
G., and T. Spohn (1990). J. Geophys. Res., 95, 14095-14104. [5] White, D.E. (1957). Bull. Geol. Soc. Am, 68, 
1659-1682. [6] Soderblom, L A. and D.B. Wenner (1978). Icarus, 34,622-637. . 
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AN X-RAY DIFFRACTION AND REFLECTANCE SPECTROSCOPY STUDY OF IRON SULPHIDES 
Edvard A. Cloutis, ER Georesearch Ltd., 4 Huntstrom Road N.E,, Calgary, Alberta, Canada T2K 
5W3, and Michael J. Gaffey, Department of Earth and Environmental Sciences, Rensselaer 
Polytechnic Institute, Troy, New York 12180-3590 

The reflectance spectra of some iron sulphides exhibit a range of spectral slopes and 
occassional Fe 14 absorption bands. The spectral and X-ray diffraction data suggest that the 
spectral differences are attributable to one or more of the following: iron content 
variations, crystal structure, and degree of crystallinity. 

Introduction: The diffuse spectral reflectance properties ( 0 . 3 - 2 . 6 > 4 m) of some powdered 
iron sulphides have been examined to determine how variations in composition, degree of 
crystallinity and crystal structure can affect iron sulphide spectra. Spectroscopy may be 
applicable to characterizing iron sulphides in various types of geological samples (e.g., 
thin sections, mineral separates) and has implications for geological remote sensing of iron 
sulphide occurrences and for pyrite-pyrrhotite geothermometry til. 

Experimental Procedure: 0-45>tm sized samples of natural pyrite (PRT101), marcasite 
(MARIOU, pyrrhotite (PRH101), meteoritic troilite (TR0201) from the Canyon Diablo iron 
meteorite, and synthetic troilite (FeS; TR0202) have been spectrally characterized. The 0.3- 
to 2.6->*m reflectance spectra were measured at the RELAB facility at Brown University C23 at 
i=0°, e=15® and 5 nm resolution relative to halon. The compositions of the natural samples 
have been determined by electron microprobe (Table 1). The composition of the synthetic 
troilite sample is stoichiometric FeS (99.9% purity). The samples were also characterized by 
X-ray diffraction (XRD), 

Results: XRD data indicate that the pyrrhotite (monoclinic) and synthetic troilite 
contain no measurable impurities. The meteoritic troilite sample contains a small amount 
(< 5%) of graphite. The pyrite sample is contaminated with a small amount of quartz and the 
marcasite sample is composed of subequal amounts of pyrite and marcasite. The amount of small 
angle XRD scattering was used to assess relative degrees of crystallinity. 

The sample reflectance spectra are shown in Figure I. The pyrite (PRT101) spectrum 
exhibits 2 distinct absorption bands near 0.89 ym and 1,98 >tm, similar to other pyrite 
spectra [3,43. These bands are attributable to crystal field transitions in octahedrally 
coordinated Fe** C4,53. 

The marcasite spectrum (MARIO1) exhibits an absorption band near 0.9 jjm, but no band 
near 2.0 >ta. Because of the presence of appreciable pyrite in this sample, the marcasite 
spectral properties cannot be uniquely ascertained. 

The pyrrhotite (PRH101) spectrum is relatively featureless. The overall spectral slope 
differs from other pyrrhotite spectra [43, suggesting that compositional and/or structural 
differences in pyrrhotite may be amenable to spectral analysis. The gradual reflectance 
increase suggests that this sample is somewhat disordered, consistent with the presence of 
low angle scattering in the XRD trace. 

The meteoritic troilite spectrum (TR0201) is similar in shape to the pyrrhotite 
spectrum and to a previously measured troilite spectrum C63. The synthetic troilite spectrum 
(TR0202) differs significantly from the TR0201 spectrum, with a distinct absorption band near 
0.93 >tm, a weaker band near 2.49 pm, a much flatter slope in the near-infrared and a more 
abrupt reflectance increase near 0.6 >jm. 

Discussion: The appearance of Fe 24 crystal field absorption bands is limited to the 
pyrite and synthetic troilite spectra. The absorption bands in the 0.3- to 0.6-><a region of 
the synthetic troilite spectrum are attributable to Fe 1 * crystal field transitions E53, 

The two trollite samples are compositionally similar. The XRD traces exhibit only smal l 
differences in low angle scattering and minor differences in relative peak heights. This 
suggests that spectral shape variations are largely attributable to differences in the degree 
of crystallinity. The presence of an Fe 24 band in the synthetic troilite sample near 0.9 
suggests that small changes In composition can affect the appearance of this band. 

All 5 spectra exhibit overall spectral shapes characteristic of powdered semiconductors 
[43. The synthetic troilite sample exhibits the most abrupt reflectance rise near 0.6 )*m, the 
flattest near-infrared slope and the least low angle X-ray scattering. This suggests that the 
degree of crystallinity affects spectral shape in the wavelength region associated with 
valence to conductance transition and that measures of spectral slope In the transition 
region may be most effective for assessing relative degrees of crystallinity, 

Pyrite can be discriminated from the other natural sulphides on the basis of its well 
defined Fe* 4 absorption bands. Comparisons of the compositionally similar PRT101 and MAR101 
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samples suggests that differences in the crystal structure £71 will control the appearance 
of Fe 74 bands while comparison of the two troilite samples indicates that composition may 
also be a factor. 

The wavelength positions of minimum reflectance of the Fe 74 absorption bands in the 
pyrite and synthetic troilite samples differ (0,89 and 1.98 j4® versus 0.93 and 2.49 gn, 
respectively) and may be due to differences in iron content and/or crystal structure; 
differences in degree of crystal 1inity are not likely to significantly affect band positions. 

Conclusions: The data strongly suggest that the spectral properties of iron sulphides 
are a function of iron content, crystal structure and degree of crystallinity. Differences 
in degree of crystallinity may affect the shape of the reflectance rise. Differences in iron 
content can affect the appearance of Fe 74 absorption bands near 0.9 m® an ^ 2.0 >*m. 
Differences in crystal structure may also affect the appearance of Fe 74 absorption bands and 
overall spectral shape. The relative importance of each of these factors cannot however be 
deduced from the current sample set. 
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Table 1. Composition of the iron sulphides 
used in this study. 


wt% 

Pyrite 

PRT101 

Marcasite Pyrrhotite 
MARIO1 PRH101 

Troilite 
TR0201 

Fe 

45.97 

45.45 

58.53 

61.50 

Ni 

0.00 

0.00 

0.70 

0.03 

Na 

0.06 

0.02 

0.03 

0,01 

S 

54.10 

54.98 

40.36 

37.71 

V 

0.00 

0.00 

0.00 

0.00 

Co 

0.01 

0.04 

0.07 

0.02 

P 

0.00 

0.00 

0.00 

0.00 

Cr 

0,00 

0.00 

0.08 

0.32 

Mg 

0.08 

0.00 

0.04 

0.00 

Mn 

0,00 

0.00 

0.00 

0,00 

Cu 

0.00 

0.00 

0.00 

0.00 

A l 

0.08 

0.04 

0.05 

0.02 

Pb 

0.00 

0.00 

0.00 

0.00 

Zn 

0.00 

0.00 

0.18 

0.08 

Ti 

0.00 

0.00 

0.00 

0.00 

Total 

100,30 

100.53 

100,04 

99.69 

Fe 

7.84 

7.71 

10.80 

11.56 

S 

16.07 

16,26 

12.97 

12.35 


Fig. 1. Absolute reflectance spectra (0.3-2.6pm) 
of natural pyrite (PRT101), marcasite (MAR101), 
pyrrhotite (PRH101), meteoritic troilite (TR0201) 
and synthetic troilite (TR0202). Vertical scale 
varies for each sample. 


WAVtlENCT* (*wcr«**) 




LPSCXXV 


275 


Minimum Discharge Rates Required for Sustained Water Flow on the Martian 
Surface; G.D. Clow (U.S. Geological Survey, MS975, Menlo Park, CA 94025) 

Small streams with depths d < 1 m are unstable on Mars under current climatic 
conditions and will freeze solid within 10 days [1], One of the main factors affecting the 
energy balance of a river is the heat flux Fj associated with the conversion of gravitational 
potential energy to heat as the water flows downhill. Because F f is proportional to of 5 / 3 , stable 
perennially ice-covered rivers are expected to exist if water discharge rates can be maintained 
at sufficiently high levels. For such rivers, the rate at which ice accretes to the base of the 
ice-cover just balances the rate of sublimation loss from the surface. The objective of this study 
is determine the minimum discharge rates that would be required to sustain water flow within 
a perennially ice-covered river. One of our motivations is to determine if moderate-sized ice- 
covered rivers could have flowed within the Martian outflow channels and hence participated 
in their modification. 

For an ice-covered river to stably exist, the latent heat flux due to freezing within the river 
{F l ) plus F f must exceed the rate at which heat is conducted out of the river bed into the 
cold surrounding terrain F c , i.e. F L + Ff > F c . For equilibrium conditions, the freezing rate 
associated with F h must equal the sublimation rate E 0 from the surface of the ice-cover. E 0 
was evaluated for current Martian conditions in the Kasei Vallis region using the planetary 
oundary layer model described in [2,3]. At the latitude of Kasei Vallis, diurnal variations are 
far greater than seasonal variations. Thus, conditions were evaluated over one diurnal cycle on 
an average” day ( L s = 115°). During the day, atmospheric conditions were found to be very 
stable within 1 m of the ice-cover as warm air from the surrounding ice-free areas blow over the 
relatively cold ice-cover; at night, the situation is reversed. Taking into account the effects of 
atmospheric stability on the sensible and latent heat fluxes at the ice-cover’s surface, the mean 
surface temperature of the ice was found to be T s = 201.6 K, assuming an atmospheric optical 
ept T d — 0.4, ice albedo A = 0.6, and a downwelling IR flux from the atmosphere taken from 
[4], For a geostrophic windspeed of 10 m s _1 , sublimation rates peak at 1.12x10"" 7 kg m -2 s -1 
during midaftemoon while mean daily sublimation rates are 5.26xl0“ 8 kg m“ 2 s _I . Thus, the 
flux F l is quite small for current Martian conditions (as 18 mW m -2 ) and can be ignored in 
determining the minimum discharge rates. The conductive heat flux F c was evaluated using 
a 2D steady-state thermal model and was found to be F c ~ c/w where w is the river’s width 
and c is a constant that evaluates to 150 W m -1 for current Mars. The flux Ff is given by 
F f = P9 QS/w, where p is the density of water, g is the gravitational acceleration of Mars, Q is 
the discharge rate, and 5 is the slope. Thus, the requirement for sustained water flow can be 
simply expressed in terms of the water discharge rate, 

Q > c/(pgS). (!) 

If the discharge rate fails to satisfy this condition at any point along a river, the river will 
reeze solid at that point. In Upper Kasei Vallis, the regional slope is about 0.001 [5], Based 
on Eq. 1, the minimum discharge rate for sustained water flow in this area is about 40 m 3 s _1 . 
By comparison, the typical flow of the South Fork of the American River (Calif.) is 80 m 3 s -1 
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rhirinff the white-water rafting season. . . . , 

If Eq. 1 is satisfied, the equilibrium ice thickness at any point along the river is given y, 

_ (a/b)[e~ bT ‘ - e~ bTm ] - (1 - A)S a h (2) 

F L + F f - F c ’ 

where a = 9.828 W nr 1 K -1 , b = 0.0057 K" 1 , T s is the mean surface temperature T = 
273 K- 1 S 0 is the mean incident solar flux, and h is the extinction pathlength for visible ig 
in ice Due to the presence of F, in the denominator of Eq. 2, the equilibrium ,ce thickness is 
« to the prLet of the discharge rate m d the slope (QS). Fig. 1shows he 
dectease in equilibrium ice thickness as the discharge Q» increased^ Now that Z drops to 

about 10 m on a slope of 0.001 if the discharge rate can L? 

steepest portion of Kasei Vallis, the slope has been estimated to be 0.009 [5]. With discharges 

of only 40 m 3 s" 1 , the equilibrium ice thickness is predicted to be only 1.0 m m this area. 

Finally, if the discharge rate should drop below that needed to sustain water flow, the ice- 
cover would sublime away during a time interval r = Zp/E 0 . For a 10 m t ic ice-cover, 
expected lifetime is about 6 ka. A 1000 m thick glacier would potentially sublime away m 
600 ka if its source was somehow cutoff. These lifetimes assume the ice is not protected b> 

layer of dust or other material. 


References: [1] Carr, M.H. (1983) Icarus, 56, 476-495 PI Clow, GT> and Haterle, 
noorn TPSC XXI 209 [31 Clow, G.D. and Haberle, R.M. (1990) LPSC XXI, 210-211, 

B.M. (1991) Icarus, 90, 187-204, (5, Rubinson, MS. and 

Tanaka, K.L. (1990) Geology, 18, 902-905. 
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TRITON’S LINEAMENTS: COMPLEX MORPHOLOGY AND STRESS PATTERNS; 
Geoffrey Collins, Dept, of Geology, Carleton College, Northfield, MN, 55057; Paul Schenk’, 
Lunar and Planetary Institute, 3600 Bay Area Blvd., Houston, TX, 77058 

Voyager 2 images of Triton, Neptune's largest satellite, revealed an icy moon with a variety 
of geologic features, including an impressive set of global-scale lineaments. Lineaments reflect the 
stress field on the crust at the time of their formation, preserving a record of global-scale 
processes. In our study, we have mapped the orientations and morphology of the lineaments to 
determine the stresses that caused them and to match them to theoretically predicted stress fields. 
The morphology and patterns of lineaments evades simple explanation. Through modeling of 
global stresses and morphological characterization, we shall attempt to place additional constraints 
on the history of Triton. 

Because of Triton’s retrograde orbit, it is believed to be a captured satellite [1] [2], The initial 
highly irregular orbit was circularized within a short span of time after capture [3]. Triton was 
probably also despun during this time. These radical orbital changes produced a lot of heat within 
Triton, enough heat over a small enough time, some calculations say, to melt most of the planet 
[4], Triton’s heavily modified surface shows a very sparse distribution of craters [5], indicating 
that the surface is extremely young (<1 Gyr). Therefore, the lineaments we observe today must 
have also been formed recently and do not reflect stresses from the capture era. In this study, we 
explore three plausible mechanisms that could account for the formation of global-scale lineaments: 
change in the tidal figure, nonsynchronous rotation, and change in planetary radius. 

As Triton's orbit decays, the spin rate increases and the tidal a axis lengthens, creating 
stresses on the crust [6,7]. In the case of nonsynchronous rotation, the surface of the satellite is 
rotating slowly with respect to the a axis as a result of possible nonzero tidal torque [8], also 
placing stress on the crust as it adjusts to the changing shape of the surface. As a planet heats or 
cools, phase changes in its interior result in global volume changes which will stretch or compress 
the crust. Lineaments from planetary contraction or expansion should not have any preferred 
orientation. These general mechanisms don’t necessarily work alone, however, and a combination 
of these predicted stress patterns may actually be manifested as lineaments on the surface. 

OBSERVATIONS 

Several distinct lineament types were identified, but two types are significant on a global 
scale: multi-ridge structures and lineated terrain. Multi-ridge structures, or ‘sulci’, are usually 10 
km or so wide and can be thousands of kilometers long. They are composed of sets of 2-8 nearly 
parallel ridges trending along the lineament, with elevations on the order of a few hundred meters 
[9]. The other major lineament type is lineated terrain, which is characterized by short, narrow, 
parallel, and evenly spaced fractures or ridges. They occur over a wide area of the planet, but are 
generally concentrated in small regions, or ‘packets’, modifying the underlying terrain. 

A few stratigraphic relationships can be resolved in the northern hemisphere. The cantaloupe 
terrain in the west seems to be one of the oldest units, followed by the sulci that cross it. These are 
both modified by the lineated terrain and all three of these units are embayed by the young volcanic 
terrain that covers most of the eastern section of Triton. In many cases, the intersections of 
individual sulci cannot be stratigraphically resolved, since some of them ‘interweave’ with each 
other. This suggests that some sulci formed concurrently. 

The Voyager team initial reports [10] suggested that Triton's global lineament system was 
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tensional in nature. They suggested that sulci are raised-rim graben into which some sort of 
viscous cryovolcanic material had been extruded. This does not explain the detailed lineament 
morphology. The relationships between the ridges can be complex in many areas, the middle ridge 
curving out to become the outer ridge, complex overlapping of crossing ridge sets, or sets of 
discontinuous diagonal ridges making up lineaments without outer boundary ridges. 

Sulci morphology resembles the lineated fabric of three types of terrestrial features: fold 
belts, dyke swarms, and systems of strike-slip faults. The shape, elevation, and discontinuous 
nature of the ridges, the flattening of adjacent features, and the apparent amplification of 
intersecting ridges favor compressional folding. However, the seemingly concurrent formation of 
sulci at high intersection angles may make this less likely. The general pattern of ridges and 
discontinuities favor intrusive (and extensional) dyke swarms, but evidence for concurrent 
volcanism is rare. The narrow widths of the sulci and a tendency for ridges to occasionally exhibit 
a feather pattern tend to favor a shear mechanism, but do not explain the surface manifestation of 
ridges. At present, interpretation of these features is ambiguous, but their origins are not simple. 

Structures within mapped areas of lineated terrain are preferentially oriented at N60W and 
N30E over a range of longitudes from 75°W to 50°E. These orientations do not fit any simple 
global stress model. Analysis of the orientations of sulci shows a weak tendency for both 
concentric and radial symmetry about the tidal axis, but we are handicapped by the limited Voyager 
coverage and the small number of sulci. Ongoing analyses include comparisons of sulci 
orientations to predicted stress fields from tidal distortion and nonsynchronous rotation models, 
particularly during periods of global expansion or contraction. 

CONCLUSIONS 

Global expansion or contraction may well have played a part in Triton's history, depending 
on the composition of the icy mantle and the planet's thermal history. Triton's decaying orbit 
indicates that there is a growing tidal bulge and a rotational spin-up deforming its shape. It is 
perhaps less likely that nonsynchronous rotation played a part in the planet’s history. The 
morphological evidence is at present ambiguous regarding whether the stresses were tensional or 
compressional. However, it seems that the sulci may be related to tidal deformation and the 
lineated terrain may be related to a process such as spin-up that is symmetric about the rotational 
pole. The lineated terrain may also be related to global expansion, due to the terrain's usual 
appearance as narrow, evenly spaced fractures, its occurrence in a range of longitudes, and its 
superposition on many other types of terrain. 

References: [1] McKinnon, W. B. (1984) Nature, 331, 355-358; [2] Goldreich, P. et al. (1989) 
Science, 245, 500-504; [3] McKinnon, W. B. (1992) Neptune and Triton Conference 54; [4] 
McKinnon, W. B. and Benner, L. A. M. (1990) LPSC XXI, 777; [5] Strom, R. et al. (1990) 
Science, 250, 437-440; [6] Melosh, H. J. (1980) Icarus, 43, 334-337; [7] Melosh, H. J. (1977) 
Icarus, 31, 221-243; [8] Helfenstein, P. and Parmentier, E. M. (1985) Icarus, 61, 175-184; [9] 
Schenk, P. and Jackson, M. P. A. (1993) Geology, 21, 299-302; [10] Smith, B. A. et al. (1989) 
Science, 246, 1422-1449. 
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REDUCED CHMIRULES. ’Harold C. Connolly Jr., ’Roger H. Hewins, ’Richard D. Ash, ’Gary E. 

M°/no e on< , l < ?J* ri9 2! e Zanda - De P t of Geological Sciences, Rutgers University, New Brunswick, 
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♦ ,ntr °DUCTION Recent experiments^ ,2) have been designed to produce chondrule 
textures via flash melting while simultaneously studying the nature of chondrule precursors. 
However, these experiments have only been concerned with silicate starting material. This is a 
preliminary report concerning what effects elemental carbon, when added to the silicate starting 
material, has on the origin of chondrules produced by flash melting. 

TECHNIQUE A Type IA chondrule composition was synthesized from ground 
ohvme (San Carlos), orthopyroxene, diopside and albite and sieved to form two grainsizes, 23- 
45pm and 125-250pm. The calculated liquidus (3) is 1703°C. Carbon, in the form of graphite 
(submicrometer to 200pm) and diamond (0.5pm), was added to the silicate precursor material. 
Amounts of carbon used were 1%, 3%, 5%, 7% and 10% by weight. Total weight of pellets 
before melting was 25mg. All charges were flash melted at 1750°C using the technique of (1,2) 
and the total time from initial melting to quenching was approximately 25 minutes. Experiments 
were performed at the Experimental Petrology Labs at the JSC. The f0 2 within the furnace was 
maintained with a mixture of CO and C0 2 at -1.5 log unit below the IW buffer. Samples were 
initially imaged as whole charges and metal grains were removed from the surface for later 
analysis. Charges were then sectioned and analyzed on a JEOL 8600 superprobe at the Rutaers 
University Microanalysis Lab. 


EXPERIMENTAL RESULTS Imaging of uncut charges revealed that the surfaces of charges 
with no carbon added to the precursor contained no metal grains. However, charges that 
contained carbon in the precursor material often have numerous metal grains, up to several 
100’s of pm in diameter, on their surfaces. Also present on the surfaces of some of the charges 
that contained graphite within the starting material was rare grains of graphite that were often 
associated with tiny metal and Si 02 grains. 

Experiments that used the 23-45 pm grainsize produced typical Type IA chondrule 
t t XtU ? S , WhereaS 125 ‘250pm starting grainsize produced PO textures similar to Type I IA 
chondrules. All charges that did not contain any carbon have olivine phenocrysts normally zoned 
from Fo 94 10 Fo 89- These same charges contain numerous relict San Carlos olivines that are 
overgrown by the same, normally zoned, melt-grown olivine. Rare, inclusion-free, metal grains 
exist and the charges contain appreciable amounts of Na within the mesostasis. 

Charges that contained carbon within the starting material all have textures similar to the 
control experiments. All of these charges contain phenocrysts that have compositions more 
reduced than the control experiments. Charges that contained 1% carbon have olivines zoned 
col to Charges that contained 3% carbon have olivines normally zoned from Fo98- 
Fo94. Charges that contained 5% carbon have olivines normally zoned from Fo99.50 to Fo98. 
Charges that contained 7% and 10% carbon within the starting material have olivines with 
apposition similar to charges that contained 5% carbon within the starting material. No 
difference In mineral chemistry was observed either between graphite or diamond and between 
fine and coarse grainsized starting material. 

Relict San Carlos grains are present in all charges, however, in many charges the relict 
grams are not pure San Carlos olivine. Many relict grains have regions and veins of more 
reduced olivine and often have inclusions of metal grains and thin veins of Fe-metal. 

These charges all contain far more metal than the control charges and the metal often has 
inclusions of silica. The metal grains vary in composition from pure Fe-metal to Fe-metal with 
varying amounts of Ni and metal abundance appears to increase with increases in the amount of 
carbon in the starting material. The mesostasis of charges with carbon added to the starting 
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material contain appreciable amounts of Na, analogous to the control charges, with no changes 
in Na correlated to variations in the amount of carbon added to the starting matenal. 

DISCUSSION It is clear from our experiments that at 1 atm In a gas of IW -1.5 elemental 
carbon added to the silicate precursors produces a charge that is much more reduced in 
chemistry than charges without added carbon. The more carbon added to the starting matenal 
the greater the reduction. However, as amount of carbon in the starting matenal exceeds 5/o, 
additional reduction of the silicates occurs. All of our expenments contain relict ol| vine grains, 
that have inclusions of metal and could be considered analogous to dusty olivines. Such relict 
grains have on^en produced in the lab when carton has been added to the s noteprecursor. 
Most of these relict grains have zoning that is reversed from the center of the relicrt to the c en 
of the overgrown olivine. However, the zoning then becomes norma from the center of.the 
overgrowth to the edge of the overgrowth. We interpret this observation to be the P roduct °* 
initial reduction caused by the reaction of elemental carbon with oxygennn the charge to produce 
an initially more reduced intrinsic f0 2 than the surrounding gas. Once the carbon has a I reacted, 
the charge equilibrates with the ambient gas, thus producing a more oxidized chemistry 

Another result of these experiments is the production of metal grains many of whic 
have inclusions of silica. Such inclusions in metal grains have been observedmnaturalreduce 
chondrules (4) Their formation has been argued to be the result of reduction followed by 
oxidation during chondrule formation (5). Unpublished results (6) show simHar sihca mcluswns m 
metal in charaes that were formed in a gas with an f0 2 of IW -4 without carbon added. However, 
these same experiments produce silicates that are more oxidized than either our experiments or 
natural, reduced chondrules. These same experiments have also not produced relict, 
olivine grains that were produced in our experiments. Therefore our data su pport the concept 
that the intrinsic f0 2 of the chondrule precursor may have played a more controlling role in the 
formation of reduced chondrules than the ambient nebular gas. 

CONCLUSIONS Organic and elemental carbon were present within the early solar nebula (7,8). 
It has been postulated that organic material may be an important "glue" enabling the mineral 
g«fns ofthe chonLe precumor to stick together. Our experiments showr that etemental carbon 
could have played a key role in the formation of reduced chondrules and that reduced 
chondmles, sHica inclusion in metal grains, and relict, dusty olivine grains < ^'d b e interp ehaJ as 
evidence for carbon within chondrule precursors. Chondrule redox may the [' e ^ re However 
bv the intrinsic fOo of the precursors and not the f0 2 of the surrounding nebular gases. Howev , 
we cannot rule oufthe possibility that the production of reduced chondrules may require both a 
reducing agent in the precursors and a reducing nebular gas. 

REFERENCES (1) Connolly et al. (1993) LPSC XXIV, 329-330. (2) Connolly et al. (1993) 
Meteoritics 28, 338-339. (3) Herzberg, C.T. (1979) Geochim. Cosmochim. Acta 43 1241 -1251 
(4) Perron et al. (1992) Meteoritics 27, 275-276. (5) Hewins, R.H. and Zanda B. (1992) 
Meteorites 27, 233. (6) Maharaj, S.V., personal communication. CO Anders,E. and Zinner, E. 
(1993) Meteoritics 28, 490-514. (8) Zinner, E. (1988) Meteorites and the Early Solar Syste m, 

956-983. 
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ASTRONOMY LABORATORY EXERCISES BASED ON SKYGLOBE (TMV M 
Connors, Athabasca University ’ 

New exercises for a distance-education introductory astronomy course have been developed 
based on the SkyGlobe (TM) planetarium program, distributed as shareware by KlassM 
o tware of Ann Arbor, Michigan. One aim of these exercises is to supplement the course text 
and enhance visualization of the orbital motions of Solar System objects. The use of graphs 
made from tables of measured data is also emphasized in what may be the only science course 
some students take A sample laboratory and two assigned exercises stressing planetary motion 
are based on SkyGlobe (TM). The remaining three exercises in the course use stellar and 
extragalactic data from the Astronomical Data Centers’ CD-ROM. 

SkyGlobe (TM) is a program for PC-compatible computers which simulates views of the sky 
m a versatile and accurate manner. As such it is well suited for use by students using distance 
education, which in the Athabasca University course consists primarily of home study The 
first laboratory exercises in the course. Introduction to Astronomy and Astrophysics m are 
concerned with the motions of Solar System objects, and also introduce methods of data 
presentation and analysis. The final exercises, not discussed here, are about stellar and 
extragalactic astronomy. To introduce students to the program and to presenting their findings 
in writing, the first laboratory exercise is provided with a solution in the form of a sample 

nf P m^ ThlS e /r C f stud i es w eclipses and introduces concepts ranging from the general aspects 
o motions of the Sun and Moon to that of the parameters of the orbit of the Moon 

particularly its nodes and inclination to the Ecliptic. The concept of the parallax of ’the Moon 
is also illustrated, and it is interesting to note that the geometry of the November 3 1994 solar 
eclipse, as seen from Peru, leads to a simple calculation of the distance to the Moon. The first 
assigned exercise is less sophisticated than the sample, and focusses on the difference between 
sidereal and synodic periods. A plot of the angular distance travelled by the Moon each day is 
used in conjunction with Kepler’s laws to deduce when it is closest to the Earth. The 
analemma is constructed by observing solar positions near sunset and the relation of day 
length to the declination of the Sun is deduced. In the second assigned exercise, the sidereal 
periods of the inner planets are computed through observation of the synodic period. For the 
Jovian planets the approximate sidereal period is obtained from observations of angular 
motion over the space of a year. These data are used to explore Kepler’s third law and to 
deduce the mass of the Sun. Retrograde motion of Mars is also observed. 


Through the use of a realistic and accurate sky simulation, concepts are presented to the 
students in a "hands-on" fashion. This approach is expected to clarify concepts which often 
present difficulties to beginning students. 


Reference 


[1] Connors, M. (1992) J. Royal Astr. Soc. Canada 86, 59. 
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RETURN OF AN EARTH-GRAZING ASTEROID; M. Connors, University of Alberta 

The Earth-grazing fireball of August 10, 1972 was sufficiently well observed to have an orbit 
determined. That orbit has been integrated forward, including planetary perturbations, to 
predict that the object will return to the vicinity of Earth in late July 1997. The object may be 
recoverable by directed telescopic searches at this approach. 

A bright meteoric fireball observed widely in western North America on the afternoon of 
August 10 1972 remains the unique known natural object to have entered Earth’s atmosphere 
and skipped off to return to interplanetary space. This encounter was also the closest passage 
of an asteroidal object by our planet, being at one Earth radius or approximately .000045 AU 
as opposed to .001 AU for the closest asteroid observed telescopically [1]. Analysis using 
meteor observing techniques permitted determination of the object’s orbital parameters (with 
standard errors) before and after the encounter [2], The semimajor axis (1.661 AU before; 
1.4715(0.0009) AU after) and eccentricity (0.3904 before; 0.3633(0.0004) after) are typical of 
known near-Earth asteroids. Using the 1972 orbit, Ceplecha [3], while stressing the need to 
consider changes to this orbit from planetary perturbations, predicted another close approach 
to Earth between July 30 and August 16 1997. Precision calculations, using the RADAU 
integrator [4] and incorporating the effects of all planets except Pluto, support this prediction. 
Planetary positions retained an accuracy of 10 5 AU per ten years of simulation, so that limits 
on precision arise from the standard errors of the initial orbit. The most probable date of 
closest approach is found to be July 31 1997 with the approach distance being .08 AU. While 
this is not particularly close (being about 30 times the distance of the Moon), it is nearer than 
about 80% of encounters recently listed as radar observing opportunities [5]. The expected 
small size of the object (possibly only several meters diameter) would make it faint and 
random rediscovery unlikely. The object may be similar to asteroid 1991BA [6] and then 
would have a stellar magnitude at .08 AU of only about 24, a factor of 100 fainter than new 
asteroids being detected by present searches. The most favorable approach within the standard 
error given above (only the variation in semimajor axis of the orbit being of much 
consequence due to the associated change in period) is August 17 1997 at .05 AU. The object 
would be in twilight skies at nearest approach but would have a solar elongation of 138 
degrees ten days later while still at .08 AU, possibly allowing dark sky detection. A search in’ 
the regions of sky indicated by an ephemeris based on the 1972 data would enhance chances 
of detection. The main return from such a detection would be determination of a good orbit 
for one of the very small objects which are the most numerous but hardest to dectect among 
the near-Earth asteroids [7], Further, the basic 1972 orbit is in 14:25 resonance with Earth. 
Near encounters with this object will continue to occur every 25 years but the resonance 
makes accurate prediction difficult without a precision orbit. In the case of an impact, the 
most likely mass and relative velocity of the object correspond to only 10 13 to 10 14 joules or 
roughly one kiloton of energy, near the low end of what could cause terrestrial effects. 
Nevertheless the evaluation of future impact probability (or study/deflection opportunity), 
based on a good orbit, would be of great interest. The 1997 encounter should pose little 
danger but may allow study of this interesting object. 


PAG£ 


>H y 


INTENTIONALLY BLANK 


PMGflDfNG PAGE BLANK NOT FILMED 






284 


LPSCXXV 


EARTH-GRAZING ASTEROID: M. Connors 
References 

[1] Green, D, IAU Circular No. 5817, 18 June 1993 

[2] Ceplecha, Z. (1979) Bull. Astron. Inst. Czechosl. 30, 349. 

[3] Ceplecha, Z. (1993) Abstracts, Hazards due to Asteroids and Comets, Tucson, p. 24. 

[4] Everhart, E. (1985) in Dynamics of Comets (eds. Carusi, A., & Valsecchi, G. B.) 185-202 
(D. Reidel, Dordrecht). 

[5] Yeomans, D. K. et al.(1992) Astr. J. 103, 303. 

[6] Scotti, J. V. et al. (1991) Nature 354, 287. 

[7] Rabinowitz, D. L. (1993) As trophys. J. 407, 412. 



LPSCXX]' 


285 


HAS THE TIDAL BULGE ON ARIEL SHIFTED IN LONGITUDE? Guy Consolmagno 
SJ, Vatican Observatory Research Group, Steward Observatory, University of Arizona, Tucson 
AZ 85721; Dan M. Davis, Department of Earth and Space Sciences, SUNY-Stony Brook, Stony 
Brook NY 11794; and Paul Nyffenegger, Department of Geological Sciences, University of Tex¬ 
as at Austin, Austin TX 78712 

The orientation of cracks on Ariel is far from random, and these cracks probably arose 
from stresses due to the flexing of a tidal bulge and the despin of the planet. A statistical analysis 
of the cracks suggests that the location of the tidal bulge at the time of their emplacement may 
have been 60° east of the current sub-planetary point. 

As reported elsewhere [1,2] we have performed an extensive statistical analysis of the tec¬ 
tonic features on the Uranian satellite Ariel. In those papers we concluded that many of the small 
linear features on Ariel could be strike-slip faults arising from stresses imposed as this moon was 
tidally flexed and despun, early in its history, while its orbit evolved outward from Uranus. 

Where faulting occurs in a zig-zag pattern (conjugate faulting) it is possible to identify the 
direction of maximum and minimum stress with the direction of the line which bisects the con¬ 
jugate faults. It is also possible to calculate from theory the direction that the maximum and min¬ 
imum horizontal stresses ought to have if they result from the collapse of the tidal and equatorial 
bulges of a moon in synchronous spin as it recedes from its parent planet, or as it is flexed during 
an episode of tidal heating [3,4], When these two sets of directions, observed and predicted, are 
compared for our Ariel data set, the resulting fit is not perfect but not too bad. 

The fact that we don’t get a perfect fit is not surprising. Any of a number of effects, rang¬ 
ing from anisotropies in the strength of the icy lithosphere due to pre-existing cracks or in¬ 
homogeneities in the ice-ammonia-rock composition, to errors in our selection and measurement 
of any given crack, would tend to make the orientation of stress features more random, and less 
controlled by tidal collapse alone. Clearly it is difficult to predict ahead of time how big these ef¬ 
fects should be. 

However, one possible non-random change can be tested. If the location of the collapsing 
tidal bulge were different from its present day location, then the direction of the predicted stress 
would be different. The easiest such shift to envision (and to calculate!) is to assume that the spin 
axis does not change, but that the location of the sub-planetary point does change its position in 
longitude along the equator. 

It should not be too surprising that such a change could occur. The position of the sub¬ 
planetary point is presumably a function of asymmetries in the internal structure of the moon, 
and if the tectonic cracks were emplaced while the moon was undergoing internal evolution, one 
might well expect to find changes in the internal asymmetries. And, indeed, evidence for a 20° 
change in the location of the tidal bulge location on Europa has been suggested[5]. 

Figure 1 (on the next page) shows what happens when you plot the degree of mismatch 
between theory and observation (defined below) as a function of possible tidal bulge longitudes. 

Notice, first, that the orientation of the cracks is far from random. The stress orientation is 
either strongly correlated, or strongly anticorrelated, with the predicted stress direction. This is 
seen both from how far the curve lies away from the shaded horizontal line, and by the how 
smoothly the curve varies from point to point. 

Second, the least mismatch is found over a broad region of longitudes centered around 
longitude 60° East (and it symmetric antipode of 240°E); the worst mismatch (implying an anti¬ 
correlation) occurs at 90° away from these points, at 150°E and 330°E. This strongly suggests 
that the location of the tidal bulge during the emplacement of most of these features was located 
about 60° east of its present location (or, possibly, 120° west). 

The mismatch is smaller for the stress field that includes both collapse of the tidal bulge 
and the despin of the planet, compared to the case where tidal flexing alone creates the stress. 
This is somewhat surprising. The amount of cracking depends on the rate at which the stress 
changes, and so one would expect a tidal flexing episode (when the moon is being heated by a 
resonance with another moon, pumping up its orbital eccentricity) to cause more cracking than 
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-e— Flexing and Spindown 
h—T idal Bulge Flexing Only 



Figure 1 The mismatch between data and theory is the difference between the directions of maxiumum stress in- 
dicated by the orientation of tectonic features on Ariel and the directions predicted by a collapsing tidal bulge, 
weighted as described in the text, plotted as a function of the sub-Uranian point location. Today the sub-Uraman 
point is at longitude zero. The horizontal shaded bar is the level of mismatch expected if tectonic features wereran- 
domly placed on Ariel. The most likely longitudes are those with the minimum mismatch. 

the slow collapse of both the tidal and equatorial (spin) bulges as the moon recedes from Uranus. 
However, it is not clear just how significant is the difference between these models results. 

Finally, there appears to be a local minimum in the mismatch right at the present-day loca¬ 
tion of the sub-Uranian point. An examination of the data shows that the mismatch near lon¬ 
gitude 270°E is significantly smaller for the present-day case than for a case where the sub- 
Uranian point is located at 60°E. Perhaps the cracks in this region date from a later episode of 
tectonism, after the final sub-planetary point was established. 

Appendix: How the mismatch was calculated We mapped 367 lineations on Ariel, di¬ 
vided them into 37 overlapping equal area sections, and binned the cracks by orientation relative 
to north-south. We then found azimuths of symmetry as the angle which gives the maximum of 
the autocorrelation of these data. These azimuths were subtracted from the predicted stress direc¬ 
tion angle (and±90°of this direction), and the difference was weighted by both the strength of the 
autocorrelation (so regions with lots of conjugate cracks counted more) and by the sine of the co¬ 
latitude (to correct for the overlap of regions at high latitude). 

References: [1] Nyffenegger P., Davis D. M., and Consolmagno G. J. (1991), EOS 
(Trans. A. G. U.) 72, 184 (abstract). [2] Nyffenegger et al. (1994), J. Geophys. Res. Planets, 
(submitted). [3] Vening Meinesz F. A. (1947), Trans. A. G. U. 28, 1. [4] Melosh H. J. (1980), 
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UNUSUAL CONCENTRATIONS OF RAMPART CRATERS AT THE MOUTHS OF OUTFLOW 
CHANNELS, MARS. F. Costard, Centre de Geomorphologie, CNRS, 14000 Caen, France. 


Introduction : Several authors have hypothesized or described sedimentary plains at the 
mouths of outflow channels (1, 2, 3, 4). Jons (5) suggested that a mud ocean covered the 
northern lowlands. Parker et al. (6) and Baker et a/. (7) hypothesized the widespread deposition 
of marine sediments in the northern plains. According to McGill (8), sediments were deposited 
in Utopia Planitia as a result of mudflows or turbid floods that emanated from NW Elysium. 
Acidalia and Utopia Planitiae are interpreted to have contained water, as a consequence of 
outflow channel-forming floods, during the Hesperian Period (4, 9). In order to quantify the 
spatial distribution of ground ice in the northern plains, all rampart craters have been 
systematically measured and mapped using the 1:2 M scale USGS photomosaics. That 
detailed morphological study have identified an exceptionally high incidence of rampart craters 
at the main terminations of outflow channels. These observations are interpreted to indicate the 
presence of an ice-rich sedimentary deposit, from nearby outflow channels, in Acidalia Planitia 
and Utopia Planitia. 

Methodology : Fluidization of rampart crater ejecta seems to have been caused by impact 
melting of ground ice or other volatiles (10, 11, 12, 13, 14). In order to produce statistically 
significant results, all rampart craters that are visible in 1:2,000,000-scale Viking photomosaics 
have been taken into account. Data were collected for rampart craters in the size ranqe 1-40 
km. Each sample region covers an area of 5° x 5°. 

Description : Figures 1A and IB show spatial relationships between the highest concentrations 
of fluidized ejecta, the elevation and the terminations of outflow channels. Particularly high 
concentrations of rampart craters (up to 80% of all craters) occur at latitudes higher than 40° 
near the mouths of the Chryse channels in Acidalia Planitia (Maja, Kasei, Tiu, Simud, 
Shalbatana and Ares Valles) and in the reentrant of Utopia Planitia where Elysium channels 
open into the plains (Tinjar, Hebrus, Granicus and Hrad Valles). The statistical work shows a 
tendency for the highest percentages of rampart craters to occur in large topographic 
depressions near and below -1000 m, especially in areas that are close to the convergent 
terminations of outflow channels. 


Interpretation : Previous investigators have noted that double-lobed ejecta, in particular, are 
most highly concentrated in the northern hemisphere, especially in Acidalia and Utopia Planitiae 
(15, 16, 17). The reason for this concentration of rampart craters may be that northern plains 
were the sites of accumulation of fluvial sediments and flood waters (18, 19, 20, 21). Large 
Martian basins (< -1000 m) that are associated with the main terminations’of outflow channels 
were preferential areas for large lakes or seas (4, 6, 7, 22, 23, 24). At latitudes higher than 40° 
channel terminations remain volatile rich because at those latitudes ground ice is in equilibrium 
with the atmosphere (25, 26). 


References : (1) J.C. Pechmann 1980, Icarus 42, 185. (2) B.K. Lucchitta et al. 1986, JGR 91 E166 (3) RS 
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AFFINITY AND PETROGENESIS OF A UNIQUE VITROPHYRIC OLIVINE-AUGITE MARE 
BASALT FROM THE APOLLO 15 COARSE FINES. Trina C. Cox^ and Graham Ryder, Lunar and 
Planetary Institute, Center for Advanced Space Studies, 3600 Bay Area Blvd., Houston, TX 77058-1113. ^so 
Hardin-Simmons University, Abilene, Texas, 79698. 

Fragment 15474,4 is a unique vitrophyre consisting of olivine and augite crystals in a fine-grained to 
glassy groundmass (Fig. 1). Despite its more than 20% of olivine, it appears to have crystallized rapidly and be 
close to a liquid composition. Both its bulk composition and its mineral chemistry suggest that it is not related by 
shallow-level fractionation to either of the two main series of Apollo 15 mare basalts (the olivine-normative and 
the quartz-normative mare basalts). Nor can it have been produced by impact melting of such rocks. Instead it 
represents an otherwise unsampled mare basalt type. Although it conforms to the local characteristic of being a 
low-titanium mare basalt and may represent part of the same magmatic pulse, the vitrophyre has a lower Mg/Fe 
than typical Apollo 12 or 15 basalts. 

Fines 15470 were collected 30m outside the rim of a small crater superimposed on the rim of Dune Crater 
at Station 4. The olivine-augite vitrophyre was described by Powell et al. [1], after Powell [2] had separated it as a 
distinct "porphyritic olivine basalt (?)" from the sparse 4-10mm fragments. Its total mass was only 0.18g and its 
maximum dimension was about 5mm. In 1972 it was split for thin sections, a chemical analysis, and an argon 
analysis (the latter was never reported). The distinct character, particularly the high abundance of olivine (21.5%) 
and the pink "totem-pole" pyroxenes, led [1] to assign it to a distinct group of basalts (of which it is however at 
present the only identified member). Nonetheless the chemistry of the particle as determined by microprobe 
analysis of a bead of fused powder [1] is very similar to the other Apollo 15 mare basalts as also analyzed by [1], 
except that it is higher in FeO (22 wt %) and lower in Si0 2 (46.4 wt %). 


Figure 1: Plane transmitted light image of 
part of thin section 15474,23. Image about 2 
mm across. The white subhedral/euhedral 
phase is olivine (note circular and elongate 
trapped liquid). The "totem pole” grayer 
phase is aluminous (6-10% AljO^) augite. 
The dark groundmass contains Ti-oxides, 
pyroxenes, and glass(?). 


&C _ 

The vitrophyre appears to have been completely ignored since 1973, never appearing in reviews of mare 
basalts, despite its potential for being a distinct magma type and perhaps even a magma composition. The olivine 
abundance is greater than for any basalts except for some Apollo 12 olivine basalts, and no other Apollo 15 
olivine-rich mare basalts (e.g. the olivine-normative group) have vitrophyric members. Thus we are making a re- 
study of the mineral chemistry and petrography of 15474,4 with the objective of illuminating any possible 
relationship with other lunar mare basalts, particularly the local olivine-normative and quartz-normative basalts, 
and understanding its petrogenesis. A tiny fragment has been approved for allocation for a chemical analysis. 
Enough of the fragment remains for potential Ar age determination using laser techniques. 

We redetermined the mineral mode by point counting 1500 spots. Our results are similar to those of [1]: ol 
22.8 (vol) %; px 32.8%; ox 1.6%; and gmass 42.8%. We derived a bulk composition from the mode and the 
average phase composition determined from our microprobe analyses (including rastering areas of the 
groundmass). This bulk is similar to that of [1] but we obtained even lower Si02 The olivines have a range in 
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composition from Fo 0 60 -0 35 (™1 prop ), with CaO about 0.25% (Fig.2). There are no abrupt discontinuities in 
composition, suggesting (as does the petrography) that the olivines crystallized continuously, mid are no 
xenoxrysts While some olivines have borders suggesting some reaction and resorption, many have euhedral to 

a few show swallow tails indicative of very rapid cooling. The bulk Mg/Fe of the rock should 

crystallize equlibrium olivines of about Fo 0 . 7 0, not the Fo 0 6 0 we found ^ ® u ^ ests ^ edhe ' h! consistent 
equilibrated with the melt or that the olivine is partly cumulate, but neither explanation is particu ar y 
with the inferred rapid cooling. Olivine that occurs sparsely in A15 QNB ranges to much more magnesia 
compositions and are much richer in Cr at a given Fo content. 


Figure 2: CaO v. Fo for olivines in 15474,23 
and those in some ol-bearing QNBs (the latter 
roughly corrected for an analytical error in 
CaO in data reported in [3]). Data this study 
and [3], 
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The pyroxenes evidently crystallized after at least the cores of the larger olivines had crystallized: none of 
the pyroxenes are embedded in olivine, and they do not include Mg-pigeonites such as are the typical early phase 
Of theONBs and ONBs (Fig 3) They are Al- and Ti-rich augites, like the pyroxenes that developed in the later 
scats of rapii, -cooled QNBs .ho, contain olivine (Fig. 3). The chromites are also A,-, Tt-rtch. 


Figure 3: AI203 v, En content of augites in 
15474,23 and those in some olivine-bearing 
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The crystallization sequence was ol->ol+cr—>px—>gmass chill. Neither plagioclase nor fayalite 
crystallized buTthe groundmass does contain microcrystalline opaque phases. We can find no njiP^rlo derive 
theotivine-augite vitiophyre sample from either an ONB or a QNB parent. It has lower Si0 2 and Mg/Fe than 
dthel and abundant olivine cannot be obtained from either of them. We conclude that it represents a separate 
volcanic eruption and magma type, although it might be from the same magmatic pulse insofar as it a low 
titanium mTtart wM some^ractenstics of rapidly-cooled QNBs. Trace element and age determinations will 
shed light on the relationship of this basalt and its role in Apollo 15 site geology'. Photogeologic and remote > 
sensed chemical/mineral attributes around region demonstrate the presence of several mare basalt types that 
potentially contributed to Apollo 15 coarse fines, and this sample might be correctable with one of them. 

References: [I] Powell, B.N. el al. (1973) LPSC 4,445-460 [2] Powell B.N. (1972) Apollo 15 ^ 

Description, and Inventory. NASA MSC 03228, 91 pp. t 3] Dowty, E. et al. (1973)UNM Inst, of Mefcont.es Spec. Publ. #9,113 pp. 
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geolocic history of isidis planttia and syrtis major planum, 

MARS; Robert A. Craddock, Center for Earth and Planetary Studies, National Air and Space 
Museum, Smithsonian Institution, Washington, D.C. 20560 

Isidis Planitia is an extensive, semi-circular basin situated along the martian dichotomy 
boundary separating the southern cratered highlands from the northern smooth plains. Evidence 
for an origin by impact is clear: numerous mountains, morphologically similar to the massifs 
surrounding lunar basins [1], are aligned concentric to the Isidis plains. Concentric faults also 
appear to have originated from the Isidis impact, and these may have served as conduits for the 
volcanic materia 1 composing Syrtis Major [2]. High resolution Viking orbiter images (149, 150, 
and 151Sxx) show mounds ~500 m in diameter scattered on the floor of the Isidis basin. The 
origin of these features is less clear as various investigators have proposed volcanic cinder cones 
[3], pingoes [4], and glacial features [5] to explain them. In contrast, Nili and Meroe Paterae 
,u Ve .°r y beei lexamined in cursory studies [6, 7] despite their location within the classical 
albedo feature Syrtis Major and the limited number of highland volcanoes on Mars. 1:500,000 
scale geologic mapping was undertaken to synthesize the broad-scale geology of both Isidis 
Planitia and Syrtis Major. The principal goals of this study are: (1) determine the geologic 
history of both Isidis Planitia and Syrtis Major Planum; (2) examine the nature of the dichotomy 
boundary separating Isidis Planitia from the southern cratered highlands; (3) interpret the most 
likely mechamsm(s) for the formation of the small mounds and arcuate ridges on the floor of 
IsKiis Planitia based on regional and local geology; and (4) because it is a simple area in which to 
land 18J, determine the most feasible scientific objectives for a future surface mission. Because 
ot the influence volatiles and aerosols released from volcanoes may have had in inducing or 
prolonging an early warm and wet martian atmosphere, the atmospheric contribution by Nili and 
beloxy * >aterae * s a ^ S0 be * n & evalua ted. Preliminary results are outlined and illustrated (Figure 1) 

As the result of a giant impact [1], the Isidis Planitia topographic depression was formed 
during the Late Noachian (~4.2 Ga). The northeastern portion of the Isidis rim may have formed 
m a pre-existing topographic depression caused by the proposed Borealis basin [9]. Thus this 
portion of the rim would have been easily buried by subsequent northern plains volcanism 
Alternatively, this portion of the rim may have been destroyed through local crustal thinning [10] 
7 U P I ?^n < i rrnatl0I l 0f the m ^ tian dichotomy. Crater age dates by Tanaka [11] suggest that Isidis 
(-1,100 km in diameter) is older than Argyre or Hellas, the other two large, well-preserved 
basins m the southern highlands. 

Based on Earth-based radar elevation data, Nili and Meroe Paterae are best described as 
shield volcanoes [7]. Emplacement of the Syrtis Major Formation (Hs), the units comprising 
Nili and Meroe Paterae, occurred through the Hesperian (~3.3 to -3.75 Ga). Detailed age- 
relations between Nili and Meroe Paterae have not been determined; however, age-relationships 
of flows suggest that Meroe may post-date the formation of Nili Patera. Topographic data also 
indicate that Meroe may have formed on the flank of Nili Patera, suggesting migration of the 
magma chamber. Using the base level of the volcanoes as the elevation of the surrounding 
cratered highlands, Schaber [7] calculated the volume of Nili and Meroe Paterae as being —0.2 x 
10 6 km 3 . Assuming a basaltic composition with an average density of 2.6 g/cm 3 , the total mass 
°f, material erupted is -5.2 x 10 17 kg. Based on terrestrial values of 1 weight percent for the 
released water content, the amount of water released into the martian atmosphere from eruptions 
of Nili and Meroe Paterae is —5.2 x 10^ liters, or —3 cm of water distributed globally. 

During the late Hesperian (-2.8 Ga), deposits interior to the Isidis basin formed (unit Hvr). 
These materials contain the enigmatic mounds mentioned above as well as curvilinear ridges and 
arcuate boundaries. Recently, these later features have been interpreted as shorelines and 
sediments deposited by a standing body of water in Isidis Planitia [12]. Apron materials (Am) 
formed along the boundary separating Syrtis Major from Isidis Planitia and were emplaced 
immediately after the Isidis plains materials. Interpreted as landslides, these units may be the 
result of mechanical failure due to loading from the formation of Nili and Meroe Paterae. 
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Alternatively, undermining of Isidis rim material from ponded water in the basin may have 
caused the Syrtis Major Formation to collapse catastrophically. Since that time, and continuing 
into the present, chemical weathering and aeolian redistribution of materials have created the 
classical albedo features visible from Earth today. 


1 




Figure 1. Generalized geologic history 
of Isidis Planitia and Syrtis Major 
Planum. Oldest is at the top. Profile is 
taken from the southwest to the 
northeast. Noachian: 1. Formation of 
the Isidis Planitia depression from an 
impact Rim material remains visible in 
the cratered highlands as Npld materials. 
Hesperian: 2. Emplacement of Syrtis 
Major Formation (Hs). Meroe Patera 
appears slightly younger than Nili 
Patera. 3. Deposition of materials in the 
Isidis basin interior (Hvr). Presently, the 
origin of these materials is unclear. 
They are probably volcanic or 
sedimentary. Did they form in a 
standing body of water? Amazonian: 4. 
Apron materials (Am) form as the result 
of mechanical failure or undermining of 
Isidis rim material. Aeolian processes 
continued to redistribute materials within 
the region. 
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pi* T ? E ??J GIN « F PI ?9 B0S DEIMOS; Jtoferr A. Craddock, Center for Earth and 
20560^ StUdl6S ’ Natlonal Air and Space Museum, Smithsonian Institution, Washington, D.C. 

.. Determining the origin of Phobos and Deimos has remained problematic. Spectral analyses suggest 
1,131com P° s . lU ° n of Phobos closely matches black or carbonaceous chondrites [I], This combined 
h hyS i 1£ ? pr0pe ; mes . such 35 their low densities (~1.7 g/cm 3 [2]) and low geometric albedoes 
eu ^ ed many bwtsbSPtors to suggest that they are captured asteroids [e.g., 4]. However the 
SI? ^ extr f“ eIy circular 311(1 their La P lace Plane is veiy close to the martian equatorial 

°k J f CtS u, 0Uld e . x P? ctedt0 have elongate orbits with randomly oriented orbital planes. 
Phobos may have been able to attain its circular orbit because it experiences tidal perturbations from its 
closeness to Mars and from libration. Deimos is too far away to experience much of either. Integrate 
Phobos present eccentricity into the past, and it collides with Deimos [5]. The large number of elongate 
craters on the martian surface attest to the possibility that Mars may at one time have had many Phobos 

£?«!?“? m 0rt> k [6,7] ‘ In addition ’ recent analyses of the spins of the terrestrial planets 
fUSifiL!? 1 t0 ° much pr °S rade Aguiar momentum to be explained by the accretion of many 

acrreti^fS Pn I? 6 9“ rate 9 f . Ma P can onl y be explained by a collision with a planetismal during 
?}' „ C d giant ^° lllslon have cau se d Mars to rotate at its present spin rate? Is it possible 
well? 11011 3 C0 lslon va P° nzed enough material to form Phobos, Deimos, and other potential satellites as 

^e spin rate of the planet is expressed as the number of sidereal rotations per revolution around the 
sun, Jt. From Dones and Tremaine [8] the spin rate is written as 


m = 


- J&> 


2HR 


( 1 ) 


where l z is the specific angular momentum perpendicular to the orbital plane, Q is the planet's orbital 
frequency (1.06 xlO 7 rad/sec), and R p is the planetary radius (3.39 x 10 6 m). This is assuming that the 
dimensionless parameter r remains constant during accretion, expressed as 


r = 


R 

R, 


p _ 


(GM p /n 2 ) 


2 1I/3 


( 2 ) 


where R H is the Hill, or tidal, radius of the planet, G is the acceleration of gravity (3.7 m/sec 2 ), and M n is 
die mass of the planet (6.43 x 10 23 kg). The Hill radius is simply the distance where centrifugal force 

££?* e gravitational attraction from the planet. For Mars, 91 = 670 and is a positive value because 
Mars rotates in a prograde direction and r= 0.0022. 

If a planet is formed by ordered accretion, then a maximum prograde or retrograde spin rate is 
possible. Dones and Tremaine [8] show that with ordered accretion, values for 9 \r should be between 

«o 2 i^i d f2^' , H °k We y. er ’ = 1 f° r Mars, which they argue is evidence that the rotation of Mars 

^ cretl0n - 111 stochastic accretion, a planet’s final spin rate is determined by the 
imperfect cancellation of angular momentum between individual impactors. Simply, a single imnactor 

|J°^jJ as , slv ® 111311 & rest determines the final rotation rate and direction of the planet. They show that 
the typical rotation rate can be estimated from the equation ^ 
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* r ~ V2 


(3) 


where Sm is the dimensionless effective mass of a planetismal relative to the planet, mi is mass of a 
single impactor, which is more massive than all the rest, and M p is the mass of the planet From this 
equation, it follows that 


s .-a. 


M. 


(4) 


With stochastic accretion and a planet spinning prograde 

S m ^ 0.3rfr 2 

For Mars, S m > 0.015, which implies that the minimum mass of the planetismal (m i) which induced the 
present spin rate of Mars, is -9.6 x 10 21 kg. Assuming a density of -3.0 g/cm 3 , the diameter of this 
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impactor was -1,800 km. Hartmann and Davis [9] calculate that the second largest object that would 
have formed near Mam' orbit at the end of accretion could have had a diameter of, coincidentally, 1,800 
km. Assuming that this planetismal struck Mars at escape velocity, the amount of energy involved ui me 
collision would be ~10 3 ^ ergs. This is me same amount of energy estimated to have fonned the 7,700- 
km-diameter Borealis basin [10], suggesting, perhaps, mat me collision ultimately responsible for me spin 
rate of Mars is recorded in the crustal dichotomy. 

The mass of Phobos and Deimos is very small (-1.3 x 10 16 kg). If craters with asymmetric or 
elongate ejecta on me martian surface are me result of satellites whose orbits slowly decayed with time 
(similar to present-day Phobos), men me total mass of all martian satellites would have been ~1.5 x 10 1 * 
kg [61 Determination of how much material is placed into orbit following me formation of a giant impact 
is not straight-forward. A majority of material ejected ballistically from an impact mat explodes below 
me surface of a planet either escapes into space or falls back onto the surface. Cameron and Ward [ ] 

proposed a solution for the formation of me Earth’s Moon by suggesting mat large junounts of vaponzed 
material were released during collision. Vaporization of martian geologic material following impact with 
a large bolide is possible because me impact velocity must be between 7 to 12 km/sec to induce shock 
vaporization [12], This is slightly higher man martian escape velocity and not an unrealistic value for an 
approaching planetismal. Following impact, vaporized debris rising above me surface would continue to 
be accelerated by gas pressure effects and gravity. This mechanism allows much more matenal to be 
accelerated into orbit man by simple ballistic emplacement (-1/2 me vaponzed mass [13]) because the 
debris is given an added "kick." Vapor from bom me planet and impactor need to mix efficiently, 
however, otherwise vapor from me impactor will exceed escape velocity and vapor from me planet wil 
not reach orbit [13]. Thus only a narrow set of initial conditions are possible. Using a paiticle-in-cell 
hydrodynamic code, Cameron [14] found mat a "successful" accretion disk formed when me velocity of 
me impactor slightly exceeded escape velocity and most of me vapor came from the impactor. 

Phobos Deimos, and all me other satellites which may have ortnted Mars in the past are only a tiny 
fraction of the mass of the Borealis impactor (-0.001). For this reason alone it seems plausible mat 
enough material from me formation of me Borealis basin could have been placed into martian orbit as an 
accretion disk. There are several other proposed impact basins on Mars which may have also been 
capable of placing debris into martian orbit: Daedalia (4,500 km), Chiyse (3,600 km) or Utopia (3,300 
km) are among me largest. Once an accretion disk is formed, gravitanonal instabilities prevent the 
Darticles from clumping [11]. Temporary mass concentrations would, however, cause a transfer in 
angular momentum from Mars to me accretion disk and me disk would begin to dissipate both towards 
the martian surface and out towards space. Once material in me disk emerged past me Roche limit, 
particles in me disk would begin to accrete. Small tides raised by this body would once again cause a 
transfer in angular momentum, and me small satellite would begin to recede from Mare. As the accretion 
disk continued to dissipate another small body would form in place of the first. In me formation of the 
Moon, me last body to form from me accretion disk would, by necessity, be more massive than the rest 
1131 Thus this large satellite would recede from me proto-Earth faster, accrete me smaller satellites, and 
form me Moon. However, in me martian scenario this last, large satellite does not form, and Mare is left 
with a number of small, Phobos and Deimos-size objects in oibit. The impact responsible for creating the 
accretion disk would most likely have destroyed any atmosphere Mare had at the time of collision. 
Formation of a thick atmosphere subsequent to this event may have been enough to induce drag on some 
of me satellites, causing mem to spiral into me surface. Alternatively, or perhaps m conjunction removal 
of me accretion disk may have caused tidal perturbations in me satellites, causing their orbits to decay. 

If me impactor was chondritic in composition, me spectrally derived compositions of Phobos and 
Deimos could be explained. Potentially me low densities of these satellites can also be explained by mis 
scenario: me small accretion disk particles simply coagulated (i.e., aggregated) and remained loosely 
packed This suggests mat they have a significant amount of pore space and uniform density, agreeing 
with Phobos' libration [15]. Work will continue on creating a dynamic model to illustrate this hypothesis 
and constrain me initial conditions which must have been present. The true test of this hypothesis will not 
come from such models, however. Better compositional data from bom Mare and its satellites are needed 
before me origin of Phobos and Deimos is truly understood. 

References: [11 Murchie S.L. el al., JGR, 96, 5925 (1991). [2] Avensov G. et al., Nature, 341, 585 (1989). [3] Burns J.A. in 
Mars 1283 U of A, 1992. [4] Bums J.A., Vista. Astron., 22, 193 (1978). [5] Lambcck K., JGR, 84, 5651 (1979). [6] Schulte 
“.B Lutz-Garihait.W 87, A84 (1982). [7] Strom R.G. et al., in Mars, ^383i Uof A 1992. [8] Dones L and S. 
Tremaine Science 259, 350 (1993). [9] Hartmann W.K. and P.A. Davis, Icarus, 24, 504 (1975). [10] Wilhelms D.E and S W. 
Sauvres Nature, 309, 138 (1984). [11] Cameron A.G.W. and W. Ward, LPSC, VII, 120 (1976). [12] Ahrens T.J. and TD. 
O'Keefe! The Moon, 4, 214 (1972). [13] Cameron A.G.W., in The Origin of the Moon, 609, LPI, (1986). [14] Cameron A.G.W., 
Icarus, 62, 319 (1985). [15] Duxbury T.C., Icarus, 78, 169 (1989). 
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THE INFLUENCE OF BODY SHAPE ON THE DEFORMATION AND BREAKUP 
OF COMET SHOEMAKER-LEVY 9 FRAGMENTS AS THEY ENTER THE JOVIAN 
ATMOSPHERE* D. A. Crawford, T. G. Trucano, M. B. Boslough, M. E. Kipp and J. M. 
McGlaun, Sandia National Laboratories, Albuquerque, NM, 87185. 

The fascinating demise of periodic comet Shoemaker-Levy 9 as predicted for July, 1994 provides 
a wealth of observing possibilities and is a challenging problem for analytical and numerical sim¬ 
ulations [1-5]. Likewise, the large amount of energy (possibly as much as 10 24 J) expected to be 
released during the event(s) presents an unparalleled opportunity for the atmospheric modeling 
community to assess relatively long-term perturbations of the Jovian atmosphere that may occur. 
Jovian atmospheric modelers need predictions of the penetration depth of the individual cometary 
fragments, the amount of energy deposited and energy deposition rates within different regions of 
the Jovian atmosphere. To help constrain these predictions, we are performing 2-D and 3-D 
numerical simulations to investigate the influence of body shape during the early phases of the 
impact, in which the cometary fragments first strike the atmosphere, deform and break up. Prelim¬ 
inary 2-D investigations have been used to demonstrate that normally-incident, equal-mass spher¬ 
ical and cylindrical (length/diameter = 1) projectiles significantly differ in their deformation and 
breakup behavior as they enter the Jovian atmosphere. These differences suggest that in-depth 
investigation with additional 2-D and 3-D calculations is warranted. 

We have used the CTH Eulerian shock physics code [6-7] to study 2-D, axisymmetric representa¬ 
tions of the impact event. The cometary fragments are assumed to consist of water ice impacting 
an exponential graded-density hydrogen atmosphere at normal incidence (3-D calculations are 
being performed using a 40 degree incidence angle). The calculations are performed in a reverse- 
ballistic sense (the atmosphere impinges at 60 km/s on the initially stationary cometary fragment) 
in order to reduce numerical diffusion in the region of interest (i.e., the small region enclosing the 
fragment). To demonstrate the influence of body shape, two equal-mass cometary fragment 
shapes were chosen: (1) a sphere of 3-km diameter and (2) a cylinder of length = diameter = 2.62 
km entering the Jovian atmosphere along axis. 


The results of the two demonstration calculations are shown in Figs. 1-3. Figure 1 compares the 
configuration of the two projectiles very early in the calculation when the cometary fragments 
have penetrated to the 0.5 bar level in the Jovian atmosphere. Relatively little deformation has 
occurred at this time; the initial configuration is evident, and the formation of a bow-shock is 
apparent. Later, after the fragments have penetrated to the 20 bar level (Fig. 2), abundant defor¬ 
mation has occurred. Perhaps not surprisingly, deformation of the cylinder at this time is more 
extensive that that of the sphere. The intact portion of the cylindrical projectile is thinner and has 
spread to a greater lateral extent. The observations are quantified by the higher temperatures and 
pressures exhibited at the stagnation point of the cylindrical calculation and the higher internal 
pressure and greater rate of mass-loss experienced by the cylindrical cometary fragment (Fig. 3). 
These conditions will lead to greater deformation and energy deposition rates and, ultimately, a 
higher breakup alitude for the cylindrically shaped cometary fragment. A full exploration of 2-D 
axisymmetric shapes and representative non-symmetric 3-D shapes is being performed. 


*This work performed at Sandia National Laboratories supported by the U. S. Department of 
Energy under contract DE-AC04-94AL85000. 
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Fig. 1 Comparison of shape dependence 1 second into the calculation. 



Fig. 2 Comparison of shape dependence 3 seconds into the calculation. 



Fig. 3 The pressure at an internal 
point located near the edge of the 
projectile and its dependence on 
cometary fragment shape. 


References: [1] C. R. Chapman, Nature , Vol. 363, pp. 492-493, June 10,1993. [2] T. J. Ahrens, et al.,Nature (i sub¬ 
mitted) [3] R. A. Kerr, Science, Vol. 261, p. 552, July, 1993. [4] Corey S. Powell, Scientific American ^pp. 26-27, 
Sept. 1993.[5] Zdenek Sekanina,/PL D-10927, 1993. [6] J. M. McGlaun, S. L. Thompson and M. G. Elnck, San- 
dia National Laboratories, SAND89-0607, Albuquerque, NM, 1989.[7] A. C. Robinson, et al., ASCE 8th Confer¬ 
ence on Computing, June 10-12, 1992. 
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Palimpsests on Ganymede: an endogenic origin? 

Steven K. Croft, Lunar & Planetary Laboratory, University of Arizona, Tucson AZ 85721. 


_ . 1 - , ° ne of th . e more ensuring puzzles in the geology of the galilean satellites Ganymede and 

CaUisto has been the interpretation and origin of the so-called palimpsests: quasi-circular light albedo patches 
with subdued interior topographic structure. Most hypotheses for the origin of palimpsests as a group have 
mvoked some form of impact-related process, including: viscously relaxed "normal" impact craters (1), large high 
velocity/high melt producing impacts (2), impacts with induced central endogenic diapirs (3), and impacts 
modified by cryovolcamsm (4). Hypotheses of purely endogenic origin were proposed specifically for the Valhalla 
structure on Callisto soon after the Voyager Jupiter encounters (5,6). These specific models, however, could not 
be scaled to the observed dimensions of the palimpsests, and no further purely endogenic models have been 
considered. Reconsideration of the morphologies, classifications and statistical data of palimpsests, presented 
here, leads to inconsistencies with any kind of impact model for some palimpsests, prompting the proposal of 
a new, purely endogenic model for these features. 


, Morphologic classifications. One of the problems with interpretation of palimpsests has been the 
inclusion by various authors of different types of structures under the term "palimpsest." It is important to 
recognize different structure types, because different structures may be formed by entirely different processes. 
Based on a number of papers, features classed at times as palimpsests are differentiated as follows: 1) impact 
basins (e.g.: Gilgamesh, Nidaba, Hathor, 24N.182W on Ganymede) with a small central plain or dome two 
(possibly 3) distinct concentric rings, secondary crater fields, and (sometimes) bright ejecta blankets, typically 
larger than about 150 km in diameter (1,2); 2) moat (7)/ anomalous pit (2)/ or (some) dome (3) craters (e.g.: 
Menhit on Ganymede) with subdued runs, prominent/oversize central pit rims with topographically prominent 
centrd domes, iKuaUysmaUer than 100 km in diameter (2,3); ripple ring structures (e.g.: Valhalla and Asgard 
on CaUisto, and 27S.153W on Ganymede [first described by (8), later rediscovered by (9)1) with rounded central 
smooth patches surrounded by inner annuli of concentric ridges and (only in the largest) outer annuli of 
concentnc graben, usually larger than 300-400 km in diameter (8); and 4) "palimpsests" (e.g.: Memphis, Busiris, 
and Buto Faculae on Ganymede) with irregular central smooth patches surrounded by subdued, subconcentric 
ri^rf S )Sr thm 1 dlstl , nct > circu lar. sharp-edged light albedo patch, usually larger than about 100 km in diameter 
(1,2). [Hereafter, the term "palimpsest" will be restricted to class 4 features only.] Possible transition features 
between moat craters and small palimpsests exist, but the impact basins and palimpsests are distinctly different - 
one cannot be converted to the other by viscous relaxation (2). Ripple ring structures may be related to 
palimpsests, but only Valhalla has a bright albedo patch, and that is associated with the circular central plain. 
In contrast, the albedo patches of palimpsests extend considerably beyond any topographic structures, and they 
appear to be distinct deposits of non-negligible thickness overlying pre-existing terrain with sharp, raised, and 
sometimes slightly lobate edges. These characteristics led to their interpretation as ejecta blankets (1), melt 
sheets (2), or cryovolcamc flows (4). v ’ 

Observations. Considering the [class 4] palimpsests as distinct features yields a number of interesting 
observational characteristics. A. The difference in crater statistics between large craters on Ganymede and 
CaUisto is accounted for: if [class 4] palimpsests are assumed to be impact features and included in Ganymede 
crater counts (adopting a conservative rim diameter of 1/2 the diameter of the albedo patch), then the craters 
on Ganymede s dark terrain follow a roughly -2 differential slope between about 80 and 500 km in diameter 
Over the same diameter range there are actually fewer craters on Callisto (a much more heavily cratered object 
than Ganymede) and they follow a -4 differential slope. Removing the two dozen-odd palimpsests from the 
Ganymede statistics brings the crater counts on both bodies between 80 and 500 km into statistical coincidence - 
a result that might be expected for two bodies experiencing the same cratering flux (10). B. There are no 
unambiguous [class 4] palimpsests on Callisto. Except for Valhalla, virtually all of (l)’s proposed palimpsests 
tu -r °be” oat paters or fresh crater ejecta blankets. C. A few additional features (Siwah Facula, 19S,150W 
and l°b>156W) may be considered as palimpsests: they have the characteristic light deposit, but are irregular in 
shape. D Palimpsests are not randomly distributed: they are concentrated in southern Galileo/eastern Marius 
Regio and eastern Barnard Regio. E. Palimpsests lack secondary crater fields and the sharp-edged bright 
deposit are difficult to interpret as ejecta. F. Palimpsests have a minimum diameter of 80-100 km; interior ridge 

systems and central patches (where identifiable) are, respectively, about 0.6-0.7 and 0.1-0.2 the diameter of the 
albedo patch. 


Most of these observations are difficult to reconcile with any kind of impact model The large 
impactor/high-velocity unpact model of (2) is consistent with items E and F, but none of the rest, particularly 
the non-random areal distribution on Ganymede and the lack of palimpsests on Callisto. That palimpsests 
comprise the difference in large crater statistics between Ganymede and Callisto seems to be positive evidence 
that palimpsests are not crater-related, unless the putative crater is much smaller than any identifiable interior 
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structure. On the other hand, the similarities in structure between palimpsests suggests that they were formed 

by a specific process. Therefore, consider a purely endogenic model. . ■ nr(Jan ; 7al i on of 

y Diapir/Plume Model. Several considerations motivate a diapir model: 1) Axisymmetnc organizat o 

most palimpsests are nominally consistent with expected isolated diapir shapes, yet diapir forms on Earthare 
Sble eTouSi to^ccount for Regular palimpsests. 2) Based on several studies (e.g.: 4,11), palimpsest bright 
IteriaU "xcess of a few b>) in the center near the central plain but much thmner (a few 

hundred meters) in and beyond the concentric ridges, suggestive of a massive upwelhng of matend 
that flows viscously outward over the surface as might be anticipated from a large piercement d ap . ) 

existence of a lower diameter cut-off for palimpsests is consistent with diapinsm, smce diapirs have to be of some 
SS"dependent on manll. a»5 phi viscosity and density relations to.reachujdWJ-ou^h tfc 

lithosphere (12).. 4) The edges of the brijh. .^n^ 
extruded from primary grooves (see groove at 15S,152W), suggestive or viscous now. j, u C nc 

distribution of palimpsests is consistent with terrestrial analogs: diapirs form in groups where local conditions 

are ^orabl^^^ ^ formation might be as follows: a large diapir, consisting ofbuoyantwarmwater 

ice or (more likely) mixtures of a number of low-melting point ices, nucleates at a boundary at depth (core- 
mantle^ice-ohase change or ice-liquid?), rises through the mantle and pushes through the lithosphere to the 
surface Ne P ar-surface materials buckle and fold, forming an incipient concentric ridge system (perhaps not 
unlikSolds iound Richat structure and Pilbara batholiths, see ref. 13). Viscous material then erupts from the 
central piercement and flows symmetrically outward. Collapse of the diapir magma chamber due to volume 
loss to the surface outflows would form concentric failure surfaces that may also contribute to the 
he concentric ridge system. The irregular central plain marks the remnant of the central vent filled with 
crvovolcanic liquid® o/slushes. Ring dikes may also form, allowing local fracturmg and flooding at large radial 
distances forming some of the sharp, lobate boundaries and concentric depressions seen at the outer edges of 
some palimpsests 8 (e.g.: Memphis Facula and 4S,222W). Alternatively, all of the flows may have originated from 
the central diapir but a problem would be maintaining axial flow symmetry over such large distances. 

So me comments^ be made on the nature of the diapiric material f 
differentiated (only a thin ice crust), the diapirs could consist of liquids and slushes. If Ganymede is largely 

differentiated (with a thick ice crust), then buoyancy considerations imply that liquidsTte obse^ed 
have difficulties reaching the surface and that the material should be warm, but solid, ice. The observed 
thicknesses (4) and distinct edges of the light deposits in the rugged terrain implies fairly viscous flows. Low 
^cositWiqiud water or brine flows would be too thin and simply "get lost" m n«ed terrain as they spreadou 
from the source vent, unlike the observed deposits. Based on current understanding (14), the only icy magmas 
with viscosities high enough to form the observed deposits are liquids and slushes containing ammonia. Diapirs 
SSSSSJf amounts of ammonia provide an additional plus for the model: depressurization melting 
(as occurs in terrestrial plumes) becomes possible. This allows the diapirs to buoyantly rise as warm solids and 
also provides a mechanism to initiate massive surface flows. t , i « 

Light terrain formation on Ganymede was a distinct geologic episode. Based onXr£Sie now 
terrain emplacement may have been similar to dike swarm formation and flooding on the Earth. Dikes are now 
SbCS laterally from large diapit-like magma bodies (15). If Ganymede's grooved terram was 
formed by a similar mechanism, then one would expect large diapbs in Ganymede's lower crust as well Some 
of the diapirs should break through, forming surface features: f propose the palimpsests Format 
palimpsests as part of the same process as light terrain is supported by the similar 
forming some of the light terrain and palimpsest, and by their simdar crater-count ages (1). This suggestio 
accounts for the lack of both light terrain and [class 4] palimpsests on Callisto: it never went through the Seating 
episode that produced both these features on Ganymede. The discussion of Ganymede s unique heating episode 
kbeyond th£ scope of this paper, but possible explanations may come from special tidal heating mechanisms 

References 1 Q. Passey & E. Shoemaker (1982) Satellites of Jupiter, U. of Arizona Press, p. 379. 2. S ' K ' 9^ ft 
noR^TGRtSunDn 88B71. 3. J. Moore & M. Malin (1988) £RL 15:225. 4. PJ. Thomas & S.W. Squyres (1990) 
JGR 9*19161. 5 P W. Hale et al. (1980) Conf. Multiring Basins (Ab^a , p. 30. fi 6 ‘ 

Basins. P 173.7. USGS Ganymede Mapping Program s t andaf d des.gnatmm 8. S.K. Croft (198^ 

1Q«4 n 71)6 9 P Schenk & w B. McKinnon (1987) Icarus 72:209. 10. S.K. Croft (1988) LFS XIX , . 

Si P e fS' (1993 ^Geologic map of Tiamai SulcuToiTad, Ganymede, 1-2328. 12 S.W. Squyres & SK. Croft 
nq^ Satellites Uof Arizona Press, p. 293. 13. N.M. Short & R.W. Blair (1986) Ggomorph, froig - Sj iacg, p. 
98,124,158 14. j!s. Kargel et al. (1991) Icarus 89:93. 15. H.C. Halls & W.F. Fahrig (1987) Mafic Dyke Swar ms. 
1* R. Malhotra (1991) Icarus 94:399. 
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POST-IMPACT HYDROTHERMAL SYSTEMS: MANSON IMPACT STRUCTURE, 
MANSON, IOWA; L. J. Crossey, A. M. Kudo, P. McCarville, Department of Earth and Planetary' 
Sciences, University' of New Mexico, Albuquerque, NM 87131 

Re-equilibration after the disruption associated with large impacts includes: infilling of the crater 
depression, cooling of melt rocks, development of a hydrothermal circulation system, and mineralogical and 
geochemical alteration of target rocks, ejecta, and melt rocks. Emphasis has traditionally been devoted to 
establishing mineralogical and geochemical affinities among boundary layer clay, ejecta, impactor, and 
target rocks: little attention has been given to post-impact processes, though hydrothermal circulation is 
likely to chemically and mineralogically alter the composition of materials at the impact site. Based on 
mineralogical examination of material from the Manson Impact Structure (MIS), the presence of a high- 
temperature hydrothermal system operating within the central uplift is indicated (temperatures on the order 
of 300°C). Previous assessments of hydrothermal systems developed in impact craters have focused on 
thermal models of the impact melt sheet alone. In large impact structures, the formation of a central uplift 
represents an additional thermal perturbation of the system (several contributions must be considered: 
uplift of the geotherm, residual shock heat from the impact event, and rapid unloading). Utilizing 
previously-obtained temperature estimates for the impact melt-matrix layer and physical models for crater 
formation, a consideration of heat sources for a complex crater reveal that at the MIS the central uplift 
provides a greater caloric input than the hottest breccia material (approximately 60 cal/g compared to 170 
cal/g respectively; but when relative volumes are considered, 0.9 X 10 20 cal and 0.1 X 10 20 cal, 
respectively). Although the calculation is sensitive to initial and boundary conditions, the volume of water 
heated by the event is considerably increased relative to an estimate considering only the melt rocks. 
Neglecting the thermal significance of the central uplift results in considerable underestimation of cooling 
time as well. A conductive cooling model for the melt-matrix breccia indicates that cooling would be 
largely completed (20% of initial temperature) in less than 100 years, depending on the thickness of 
overlying sedimentary clast breccia material. The central uplift (treated as a cylinder of 5 km diameter) 
requires approximately one million years to achieve the same degree of cooling. The observed mineralogy 
is best explained by the operation of a hydrothermal system driven by heat within the central uplift. The 
temperature necessary to produce the observed mineralogy is not likely to result from uplift alone: an 
additional heating component due to shock/unloading processes is required. 

The operation of a post-impact hydrothermal system at the MIS has been previously reported [1, 
2], Lithologies encountered at the MIS are described elsewhere [3], as is the hydrothermal mineralogy [4], 
The observed hydrothermal mineralogy (including garnet, ferroactinolite, zeolites, and chlorite) requires 
temperatures on the order of 300°C for times sufficient to grow cm-scale quartz and zeolite ciy stals. The 
pattern of increasing hydrothermal temperature with increasing core depth indicates a deeper heat source 
than the shallow melt-matrix breccia. Similar observations regarding a central uplift-sourced hydrothermal 
system have been reported for the 80 km-diameter Russian Puchezh-Katunki impact structure [5], 

Previous quantitative impact cooling models [6, 7] have considered impact melt material and 
processes. Conductive cooling models were calculated for the melt-matrix breccia layer and the crystalline 
central uplift. Using equations from Jaeger [8] and Carslaw and Jaeger [9], the melt-matrix breccia layer 
was treated both as a lava flow and a sill (to assess the importance of depth of cover by subsequent 
sedimentary clast breccias). The central uplift was modeled as a cylinder. At the MIS, the melt-matrix 
breccia layer is estimated to be 30 m thick. The central uplift radius is estimated at 5 km. The thermal 
diffiisivity for all lithologies is modeled at 0.01 cm 2 /s. Model results for the relatively thin melt-matrix 
breccia reveal that, even under thick cover, the time required to cool to 20% of the initial temperature is 
less than 100 years. The central uplift is the most significant heat source, requiring over one million years 
to cool to 20% of the initial temperature. Figure 1 depicts the cooling profiles for the central uplift model. 
The model predicts that purely conductive heating of the crater fill is not substantial (about 25% of the 
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initial uplift temperature attained 200,000 years after impact). Pervasive alteration of breccia materials at 
temperatures above 100°C would thus require convective heat transport. The central uplift retains 20% of 
its initial temperature for a time scale of one million years; sufficient to drive a hydrothermal circulation 
system. Note that the cooling time required to reach T/To = 0.5 for the center of the uplift (x/r=0) is just 
under 400,000 years for the 5 km radius. Figure 2 shows model cooling times for a wide range of central 

uplift radii. , 

Though the melt-matrix breccia represents the hottest post-impact material deposited at the Mlo, 

consideration of mineralogical and model results suggests that heat from the central uplift drives the long¬ 
term hydrothermal system. Uplift of the geotherm alone is insufficient to explain the hydrothermal 
mineralogy at Manson: residual heat from the impact or unloading phenomena are likely additional factors. 
Acknowledgments: This research has been supported by the Department of Energy, Basic Energy Sciences 
to L.Crossey. References: [1] Crossey, L.J. and McCarville, P. (1993) LPSC XXIV, p. 351. [2] Crossey, 
L J et al (1993) GSA Abstracts with Programs, p. A-23. [3] Anderson, R.R. et al. (1993) LPSCXXIV, p. 
35. [4] McCarville, P. and Crossey, L.J (1994) LPSCXXV, this volume. [5] Masaitis, V.L. and Naumov, 
MV (1993) Meteoritics, 28, p. 390. [6] Newsom, HE. (1980) Icarus, 44, p. 207-216 [7] Onorato, 
PIK et al (1978) JGR, 83, 2789-98 [8] Jaeger, J.C. (1968) In Basalts, Vol. 2 (Hess, H.H. and 
Poldervaart, A., eds ), p 503-536. [9] Carslaw, H.S. and Jaeger, J.C. (1959) Conduction of Heat in 
Solids, Oxford, 510 p 




Figure 1. Model results for 
conductive cooling of a cylindrical 
central uplift. Cooling profiles are 
labeled in thousands of years (ky) 
elapsed since impact. The abscissa 
represents distance from the center 
relative to cylinder diameter (r). The 
ordinate (T/To) is temperature (T) 
relative to initial temperature (To). 
The outer boundary of the cylinder 
is indicated by a heavy' vertical line 
at x/r=l. Thermal diffiisivity is 0.01 
cm 2 /s and uplift radius = 5 km. 


Figure 2. Conductive model results 
for time required for various degrees 
of cooling as a function of central 
uplift radius. Results are plotted for 
T/To = 0.30, 0.50, and 0.80. 
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GEOLOGY OF THE GUINEVERE PLANITIA QUADRANGLE OF VENUS; David A, 
Crown, Department of Geology and Planetary Science, University of Pittsburgh, Pittsburgh, PA 15260; Ellen 
R. Stofan and Jeffrey J. Plaut, Jet Propulsion Laboratory, California Institute of Technology, 4800 Oak 
Grove Drive, Pasadena, CA 91109 

The Guinevere Planitia quadrangle (V30) of Venus is a low-lying region (0°-25°N, 300°-330°) located between 
the uplands of Beta Regio and Eistla Regio. Radar bright, dark, and mottled plains units, interpreted to be volcanic 
in origin, have previously been identified in Pioneer Venus, Goldstone, and Arecibo data of Guinevere Planitia in 
addition to the arcuate fracture zones and lineament belt segments defining the Beta-Eistla deformation zone [1-5]. 
Analysis of Magellan SAR images has confirmed that volcanic landforms compose the majority of the surface of 
Guinevere Planitia [6].. The resolution of Magellan data allows detailed investigation of the geomorphic 
characteristics and stratigraphic relationships observed in the region in order to constrain its geologic history. 
Preliminary geologic mapping indicates that the Guinevere Planitia quadrangle consists of older, tectonically 
deformed complex ridged terrain, extensive volcanic plains, and volcanic flows. Volcanic materials in Guinevere 
Planitia have accumulated to form large shield volcanoes, lava flow fields, and small domes, cones, and shields. 

Geologic Mapping of Guinevere Planitia 

On the basis of geomorphic properties observed in Magellan SAR images, three types of geologic materials 
have been identified in the Guinevere Planitia quadrangle: complex ridged terrain, plains, and volcanic flows (Figure 
1). Complex ridged terrain consists of embayed remnants of materials that have undergone intense deformation. 
Lineated materials contain one dominant orientation of tectonic features, and complexly lineated materials exhibit 
two or more tectonic fabrics. Prominent exposures of complex ridged terrain occur in a zone between 2.5-5.5°N and 
315-317°E on the flank of a large volcano and at 12°N, 308°E in the center of a corona. Complex ridged terrain 
presumably includes the oldest materials preserved in Guinevere Planitia. 

Extensive volcanic plains are evident throughout the Guinevere Planitia quadrangle. Mottled, lineated plains 
are generally large expanses containing a variety of small volcanic domes, cones, shields, and flows. Large eruptive 
centers possessing significant relief are not observed within this unit. Zones of tectonic disruption are common, as 
are outliers of complex ridged terrain. Smooth plains are low-lying regions which exhibit uniform radar brightness 
over large distances. Volcanic domes, cones, and shields are not abundant, but flow margins can be identified in 
many areas. Fractures and ridges are common and may extend for large distances (>100 km). At 3°N, 304° a 
morphologically distinct network of irregular valleys appears to have formed by collapse of the surface due to the 
migration of.subsurface fluids [7], Typically, volcanic flows are superposed on the plains; however, locally, plains 
may embay the flanks of the major volcanoes in the region. 

Two types of volcanic flow materials have been mapped in the Guinevere Planitia quadrangle. Plains-forming 
flow materials form extensive, radar bright or dark, relatively flat-lying sheets that can extend for hundreds of 
kilometers from their apparent source vents. Many exposures of plains-forming flows are associated with coronae or 
corona-like structures. Lobate flow materials form narrow, sinuous, overlapping, radar bright and dark deposits with 
lobate margins that form radial patterns around their source vents and have accumulated to form three broad, low- 
relief volcanic edifices in the region (A, B, and C in Figure 1). Numerous small domes, cones, and shields are 
observed within lobate flow materials on these large volcanoes. 

Structures in Guinevere Planitia include numerous wrinkle ridges, fractures, and lineaments found primarily in 
plains units, coronae and corona-like structures, and the densely spaced ridges and troughs characterizing complex 
ridged terrain. Structures in plains units display a diversity of orientations, but usually occur in sets of similarly 
trending features. There does not appear to be a dominant tectonic fabric on the quadrangle scale; however, a large 
number of structures in the extensive smooth plains unit along the eastern margin of the quadrangle have trends 
between E-W and SE-NW. A prominent rift zone extends 250 km to the north from the summit of a large volcano 
(C) where it terminates in a series of arcuate fractures. In the central part of the quadrangle are several coronae and 
other structures with concentric ridges and/or fractures. The arcuate tectonic zones of these coronae and corona-like 
structures typically surround interior collapsed regions or clusters of small volcanic edifices. A group of 4 or more 
corona-like structures, with diameters between -70 and 250 km, is partially embayed by lobate flow materials from 
the large volcanoes and also appears to be the source region for plains-forming flows. 

Major Eruptive Centers and Regional Geologic History 

Three large volcanoes dominate the recent volcanic history of the Guinevere Planitia quadrangle [6], The 
northernmost (A in Figure 1) has a field of low shields at its summit and rises —600 m above its surroundings. Its 
flanks (—600 x 800 km across) consist of a series of narrow, lobate flows which radiate from the summit region; a 
large flow field extends north onto the plains and coalesces with a secondary eruptive center consisting of small 
edifices and flows. Volcano B, -1000 km across and exhibiting relief of -1.4 km, consists of a large fan-shaped 
flow field which covers adjacent plains and lobate flows which embay a large corona and lineated materials. At its 



302 LPSCXXV 

GEOLOGY OF GUINEVERE PLANITIA: D.A. Crown et al. 


summit radial flows surround a cone with a -12 km diameter central pit. Volcano C, which rises -2 km above its 
surroundings, has a complex summit region consisting of a shield field, a collapsed and embayed steep-sided dome, a 
large irregular dome, and summit flows that embay its prominent rift zone. The southern flank is composed of 
lobate flows which extend for -500 km where they overlie radar dark, smooth plains with wrinkle ndges. 

Relative age relationships both within and between the major eruptive centers in southern Guinevere Plamtia 
are difficult to determine due to the complex nature in which volcanic flows interfinger and overlap. Each of the 
three large volcanoes appears to have had an extensive period of eruptive activity with several major phases 
emplacing large flow fields and more localized activity occuring both at vents on the flanks of the volcanoes and at 
their summits. Further geomorphic analyses and geologic mapping, including investigation of the radar properties 
of the flow units associated with the large volcanoes, will assist in documenting the types of volcanic activity which 
have occurred and the evolution of eruptive centers in the Guinevere Planitia quadrangle. 


References: [1] Campbell. D.B., et al. (1989) Science, 246, 373-37T [2j Arvidson, R.E et aL (1990) 

Planet Sci Conf 20th 557-572 LPI, Houston. [3] Senske, D.A. (1990) Earth, Moon, and. Planets , 50151 , 305-327. [4] 
sinske. D.A eTd (1991) Earth, Moon, and Plasty,55, 163-214l [5] Stofan. ER., et al. (1990) rnLunar Plant. Set. 
Conf XXI 1208-1209, LPI, Houston. [6] Crown, D.A., et al. (1993) in Lunar Planet. Set. Conf., XXIV, 355-356, LPI, 
Houston. [7] Baker, V.R., et al. (1992) J. Geophys. Res., 97, 13421-13444. 
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Ficure 1 Simplified geologic map of the Guinevere Planitia quadrangle of Venus showing major geologic units 
(see text), impact crater materials, and small volcanic constructs. The summits of three large volcanoes are indicated 
by A, B, and C. Structures are not shown due to scale. 








LPSCXXV 


303 


THE DISTRIBUTION OF HOT SPOTS AND ITS RELATION TO GLOBAL 
GEOLOGY: VENUS, EARTH, AND MARS; 

L. S. CRUMPLER, Department of Geological Sciences, Brown University, Providence, RI 02912 


INTRODUCTION. Completion of the Magellan spacecraft mapping of Venus [1] enables comparison of the global 
geologic characteristics of the three larger terrestrial planets. In this study it is shown that, despite the known 
dissimilarities in global geology and tectonic style, Venus, Earth, and Mars appear to share some large-scale similarities in 
the arrangement of fundamental geologic characteristics and the distribution of large magmatic centers. 
CHARACTERISTICS AND SPATIAL DISTRIBUTION OF VOLCANISM. The distribution [2,3] of large 
volcanoes [4] and coronae [5] on Venus is non-uniform and is concentrated in the hemisphere between the highlands of 
Beta, Atla, and Themis Regiones. Reconnaissance geologic mapping [4], and preliminary mission science reports [1] were 
used to establish the relationship between all major volcanic _ i . ■ , i ■ . . i , ■ , < 

and magmatic centers larger than 100 km in diameter and 
global geologic characteristics. Similar maps of the 
distribution of volcanic and geologic characteristics were 
prepared from existing data for Earth and Mars. As plate 
boundaries associated with mobile tectonics are not present on j£j 
Venus or Mars, only the intraplate hot spots are considered on « 

Earth. Active intraplate volcanism on Earth is non-random and £ 
occurs in two hemispheric groups [6,7]. Volcanic centers on ^ 160 -| 

Mars occur in three settings, the Tharsis region, the Elysium ™ 
region, and the Hellas basin region, the latter two occurring in ^ 
the hemisphere opposite from the Tharsis region. % 

Inspection of the global maps shows that the distribution | 
of volcanic centers on each planet, although non-uniform, is I 
geometrically similar. To test this, the total number of 
magmatic centers was determined as a function of hemispheric 
caps of increasing area about a point on the surface on each 
planet [Figure 1), a method used previously [7] in describing 
the global abundance of hot spots on Earth. Steep changes in 
slope of the observed cumulative number-versus-area curve 
from the diagonal, which represents the distribution as it 
would appear if the existing population of hot spots were 
uniformly distributed, represent significant departures from a 
uniform distribution. A similar bipolar arrangement of 
volcanic centers occurs on each planet with three common 
characteristics: (i) a primary group , or a concentration of 
volcanic centers in which more than one-half of the global 
population occurs within less than 30% of the global area; (ii) 
a peripheral region where the density is less than or close to 
that expected for a uniformly distributed population, and (iii) a 
secondary group , occupying about 30% of the global area 
where the density is essentially similar to the uniform case. 

Geologic Characteristics of major 

CONCENTRATIONS. The primary groups (region i) are 
areas of major thermal perturbations on all three planets. 

Concentration of thermal and magmatic processes of this 
dimension might be accompanied by distinctive boundary 
layer characteristics and styles and rates of tectonic 
deformation, resurfacing, crustal formation, and crustal 
modification. This association was checked by comparing the 
area of the primary group on each planet with corresponding 
global geologic maps using the appropriate circle (of area 
defined by the prominent breaks in slope of Figure 1) 
superimposed on the center of mass of each concentration 
(Figure 2). Based on these maps, hemispheric regions of 
anomalously concentrated volcanoes and magmatic activity 
are shown to occur in association with geologically Figure 1. Cumulative distribution of volcanic centers about 

distinctive global geologic characteristics. the centroid of the major concentrations on each planet. 

On Venus the primary regional concentration of volcanic are orthographic representations of the distribution 

centers (region i) is characterized in Magellan SAR images by centere<i at ( A ) 35N/240E(Venus), (B) 35N/20W (Earth), and 
linear extensional deformation belts [3] whereas the geologic (C)45N/130W (Mars). Facing circles identify the boundary of 
characteristics within the peripheral region, where volcanic concentration anomalies. 
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center abundance is low (region ii), include extensive lowland plains with the characteristics of flood lavas [10], frequent 
long linear ridge belts [11] interpreted to represent substantial crustal shortening [12], active orogenic belts surrounding 
complexly deformed highlands [13; 14], and areas of proposed ?g 5 _ 
subduction-like behavior of the lithosphere [15]. 

The two-fold, African-Pacific global arrangement of 
intraplate volcanism on Earth (region i and iii respectively) 
correlates with prominent residual geoid highs [6] and large 
regions of anomalously low-seismic velocity mantle [16]. 

The intervening region (region ii ) between hot spot groups 
corresponds to the location of plate convergence (Figure 2B), 
most of the current subduction zones, high seismic velocity 
upper mantle [16], and the current position of most of the 
continents [17]. The regions where most of the hot spots 
occur on Earth (region i and iii) includes most of the 
occurrence of large-scale global extension, and region ii, 
most of the examples of convergence. 

The primary regions of extension on Mars occur in the 
Tharsis volcanic region (region i), a hemisphere characterized 
by high elevations, relatively youthful volcanism, and 
prominent geoid highs [18]. With the exception of minor 
occurrences of extensional features in the area of the Elysium- 
Hellas volcanic region (region iii ), extensional tectonic 
features are relatively infrequent elsewhere on Mars (Figure 
2C). In contrast, ridges of probable compressional origin 
[19,20] occur throughout region ii. Crustal shortening on 
Mars has been attributed to effects of subsidence associated 
with impact basins, gravity stresses associated with the 
Tharsis topographic dome, lateral effects of dynamic plumes 
associated with Tharsis, global contraction, or a combination 
of these influences [18;19;20]. 

CONCLUSIONS . On Earth it is as yet unclear whether the 
primary control on global patterns of interior convection are 
plates [17] or whether interior convection patterns control 
the pattern of surface tectonics [16;21;22], In either model, 
hot spot type volcanism is likely to be suppressed in areas of 
subduction or down welling, and either enhanced or near that 
occurring in association with normal background levels of 
convection and volcanism in areas distal from subduction. 

The similarity among Venus, Earth, and Mars of the 
correlation between tectonism and hot spot concentration, 
regardless of the reigning global tectonic style, implies that 
the concentrations of volcanic centers in all three planets are 
deep-seated in origin rather than an influence of a mobile 
boundary layer alone. Plate tectonics could be influential in 
organizing die patterns of intraplate volcanism on Earth, but 
that mechanism alone will not work on Venus or Mars. Plates 
may be secondary as an influence on the global arrangement 
of intraplate volcanism on Earth. 
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Figure 2. Arrangement of global volcanic and magmatic 
center concentrations (circles) relative to areas characterized 
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CALDERAS ON MARS: CLASSIFICATION, CHARACTERISTICS, AND 
PROCESSES RELATED TO MECHANISMS OF FORMATION; 

L. S. CRUMPLER, J. W. HEAD, AND J. C. AUBELE, Department of Geological Sciences, Brown 
University, Providence, RI02912 

Introduction. Calderas represent records of magmatic processes associated with magma ascent, emplacement, 
storage, and evolution in planetary lithospheres. In addition to representing the surface manifestation of subsurface magma 
movement and changes in the state of subsurface magmas, calderas are evidence for differing conditions of crustal density 
and structure, variable volume rates of magma emplacement, and changing conditions associated with magmatic evolution. 

A wide variety of calderas are observed on Earth and several hypotheses have been proposed for their formation 
[1,23,4], including volume decreases arising from evacuation of the magma reservoir, volume increases due to injection of 
new magma or vesiculation, and loading due to isostatic changes accompanying thermal evolution of the reservoir. Distinct 
surface characteristics are predicted to be associated with these differing mechanisms [10]. Recently the structure and 
distribution of associated features have also been used to infer the geometry and depth of the magma reservoir associated 
with the formation of the caldera of Olympus Mons [5]. As an initial step in comparing the observed characteristics of 
calderas with the predictions of from hypotheses, the characteristics and range of tectonic structures, their relation to 
associated volcanological features, and the stratigraphic relationships between the structures and sequences of events in the 
building of die edifice have been documented through detailed geologic mapping. In this study the calderas are first 
classified on the basis of the consideration of their geologic and topographic characteristics. 

TWO FUNDAMENTAL TYPES OF CALDERAS . In a previous analysis of the tectonic structures and topographic 
characteristics associated with the summit of several volcanic edifices on Mars [6,7] we identified two fundamentally 
different types of calderas on Mars: the Olympus-type and the Arsia-type. In the Olympus-type , the pattern of faults 
defining the depression boundaries in map view occur frequently in sets of short arcuate scarps or as a nested sequence of 
depressions, the boundaries are sharply defined by a narrow inner slope, and the scarps associated with faulting are inward- 
facing, scalloped, and responsible for a terraced and chaotic appearance. In the Arsia-type the pattern of faults are primarily 
concentric, are distributed over a broad interval of radius from the center of the depression, and trace smoothly arcuate 
scarps with both inward and outward-facing slopes defining narrow graben along the topographic caldera rim. 

The Arsia-type may be further distinguished in topographic profile from the Olympus-type caldera by a larger diameter 
in relation to the host volcano, a broadly concave and sag-like profile, gently-sloping marginal inner walls, and multiple 
boundary faults (rather than an abrupt bounding inner escarpment). The Arsia-type is a much larger scale of caldera 
development and appears not to have a morphologically or topographically equivalent counterpart on Earth, perhaps with 
the exception of the Taupo-type calderas [4] or the large depressions encompassing some volcanic fields [8]. Although the 
mobility of Earth's lithosphere may be a factor, these two examples suggests that the Arsia-type could occur in the 
terrestrial record, but may not be easily identified due to their extreme size and due to the obscuring effects of erosion. 

MAP CHARACTERISTICS AND CLASSIFICATION . Structural maps of all of the calderas on Mars are 
illustrated at the same scale in Figure 1 based on detailed geologic mapping and consideration of previous work [5,6,7,9], 
and each caldera has been categorized according to the classification above. Inspection of the suite of maps reveals that 
whereas most of the calderas are of the Olympus-type , relatively few are strictly of the Arsia-type. This suggests that, as a 
rule, the Arsia-type may be size-dependent and associated with larger reservoirs. 

Martian calderas may be further divided according to recurring minor characteristics relevant to potential modes of 
formation. Several calderas might best be described as transitional in morphology between the two main end members as 
the summits are characterized by an Olympus-type caldera enclosed within a larger annulus of faults and graben similar to 
that of the Arsia-type (Alba Patera, Biblis Patera, Tyrrhena Patera, Uranius Patera, Pavonis Mons, Hecates Tholus). The 
degree to which the annular graben are expressed varies from those with short arcuate segments on the flank (Hecates 
Tholus), to those in which numerous graben occur close to the boundary of an inner caldera and are characterized by listric- 
style walls (Biblis Patera), and to those with distinct enclosing summit sags (Pavonis Mons). 

At least two of the edifices and their calderas are characterized by sector structure in which the calderas open onto and 
downwardly displace the adjacent flanks (Tharsis Tholus, Ceraunius Tholus). On several, a form of sector behavior occurs in 
which the calderas lie at the head of flank-inundating fans of fluidal deposits and channels (Ceraunius Tholus, Apollinaris 
Patera, and Hadriaca Patera). And although terraced, listric fault margins, and nested overlapping margins are common to the 
Olympus-type, several of the smaller calderas of the Olympus-type are to varying degrees simple, relatively circular, and 
characterized by steep walls (Albor Tholus, Ulysses Patera, Elysium Mons). Calderas on Mars are unusually circular across a 
wide range of dimensions. Despite the evidence for the influence of asymmetric stress fields in the form of sector structure 
and strong regional tectonic orientations, many of the calderas are unusually circular, and suggest relatively equant 
reservoir development Small cones or shield volcanoes occur particularly along sector structures and Arsia-type graben 
arrangements, and represent evidence for circumferential fissures and lateral magma transport in at least four volcanoes. 

Calderas on Mars are morphologically diverse, yet are characterized by several common features indicative of 
preferential mechanisms of development. These results, additional characteristics of edifices (flow sizes, volumes, magma 
reservoir geometry, etc.), and chronological relationships among calderas structures are being used to make inferences 
about the mechanism of magma ascent and emplacement, the timing of events associated with reservoir formation in 
planetary lithospheres, and the long-term evolution of isolated magmatic systems. 

REFERENCES . [1] Williams, 1941, Cal. Univ. Pub. Geol. Sci. Bull., 21, 51; [2] Gudmundsson, 1986, Geology, 14, 
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Aubele And J. W. Head, 1991, LPSC XXII, 269; [7] Crumpler, L. S„ J. C. Aubele, And J. W. Head, 1990, MEVTV LPI Tech 
Rept 90-04, 27; [8] Heiken, 1976, Geology, 4, 568; [9] L.S. Crumpler, and J. C. Aubele, 1989, MEVTV LPIU Tech Rept89- 
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Figure I. Structural maps of all large calderas on Mars 
reproduced at the same scale. Maps are arranged from left to 
right, top down with Arsia-types in the upper left, 
transitional examples to Olympus Mons in the middle, and 
modified Olympus-type (circular and sector-type) in the lower 
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WHAT INITIATED PLANETESIMAL FORMATION? J. N. Cuzzi, A. R. Dobrovolskis, 
and R. C. Hogan; Space Science Division, 245-3, Ames Research Center, Moffett Field, 
California 94035-1000 

The physical structure of primitive (chondritic) meteorites, even after some geological 
processing and modification, is thought by most to contain clues as to the first stage 
of accretion of solid matter into objects that might be called “planetesimals”. However, 
theoretical understanding of the processes responsible for this important stage is shaky. We 
note what we believe are fundamental obstacles for the Goldreich-Ward version of rapid 
and direct planetesimal formation via gravitational instability in a settled particle layer [1], 
and describe an alternative scenario which might lead from grainy nebula gas to primitive 
planetesimals in a way that has intriguing connections to the meteorite evidence. 

Primitive meteorite morphology appears to call for some specific, and geologically 
unusual, process of accumulation. Chondritic meteorite samples are fairly uniform (within 
a class) from the standpoint of constituent size distribution, arguing against “hierarchical^’ 
accumulation and in favor of a spontaneous coming together of constituents [2] which are very 
well size-sorted [3]. Recent work indicates that aerodynamic drag is the sorting mechanism 
[4], and raises the distinct possibility that the very earliest aggregates may be composed 
entirely of size sorted objects consisting of a solid object (chondrule or fragment, silicate or 
metal) covered with a fine-grained dust rim [5]. 

In its original form, the Goldreich-Ward (GW) scenario postulated that volumes of 
centimeter-sized objects could collapse directly (in a two-stage process) into solid, asteroid- 
sized objects; the similarity of the centimeter size scale to that of chondrules was encouraging. 
However, Weidenschilling [6] and subsequently we [7] have shown that the conditions for 
gravitational instability are difficult to achieve in the presence of nebula gas, at least while 
the typical particles are less than a meter or so in radius. This is due to the stirring effects 
of the turbulence that is generated around the differentially rotating dense midplane particle 
layer. Nevertheless, it is still commonly assumed that the particle layer instability will still 
occur, but at yet larger particle sizes for which turbulent diffusion is less effective. 

We believe this is not the case. The GW instability requires not merely “marginal” 
gravitational instability, the criterion normally cited, but extreme instability in order for a 
volume fragment of particulates to collapse directly to solid density. The extremely large 
compression factor requires gravitational instability of initial fragment scales A which are 
orders of magnitude smaller than the critical wavelength A c . As a fragment collapses, 
potential energy is converted to kinetic energy until a certain equilibrium fragment size 
A' is reached. Equation 36 in [1], along with the standard definition of A c , shows that 
A/A c ~ A'/A. GW require the equilibrium fragment to have achieved solid density; thus 
A'/A ~ A/A c ~ 10 -2 . Equation 37 of [1] then requires the particle random velocities to begin 
and remain far smaller than the “critical” random velocity c c = ‘I'kGc/VI which merely 
allows A c to be unstable. For the centimeter-sized particle layer originally described in 
[1], a combination of collisional damping and gas drag damping makes this a reasonable 
assumption. However, turbulent stirring prohibits the instability until the particles grow 
to meter-and-larger sizes for which both of these dissipation mechanisms become inefficient 
on a dynamical collapse time fl _1 . Thus, while incipient fragments may become unstable 
at or near the critical wavelength, they are unable to shrink and collapse very far. These 
fragments are likely to be dispersed by differential rotation, or exist only as a standing wave 
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or pattern with no capability of concentrating a specific ensemble of particles, much like the 
“wakes” in Saturn’s ring system. Alternatively, Safronov [8] has proposed that axisymmetric 
or annular instabilities may initiate at close to the scale A c with random velocities c c , and 
slowly compress radially until fragmentation densities (nearly 10 times higher) result. This 
process is much slower than a dynamical collapse time and not obviously relevant to meteorite 
structure or mineralogy, some of which indicates short accumulation timescales (perhaps 

comparable to or less than an orbit period) [e.g., 2]. 

A completely different mechanism that operates in very much the desired way, at least in 
terrestrial laboratories and numerical simulations, is turbulent concentration of appropriately 
sized particles [9], The process appears to be capable of producing a substantial concentration 
of aerodynamically size-sorted objects into massive clumps, and of simultaneously providing 
the constituents with rims of fine dust. Order of magnitude concentration factors are 
already seen relative to the average particle density (and the gas density); considerably 
larger concentration factors axe feasible in the nebula context. These are of mineralogical 
interest whether or not the process leads directly to planetesimals [e.g., 2, 10]. The primary 
uncertainties at present axe in relating the time, length, and mass scales of the process 
to nebula and meteoritic scales, and in understanding the role of turbulence damping 
in stabilizing particle clumps. Turbulence now accessible to computational study has a 
Reynolds number which is orders of magnitude smaller than expected for the nebula, and 
we must understand the basic physics before being able to confidently extrapolate current 
results. It is in this area that we are devoting our current studies [11]. We present the 
scaling relations which we believe support this hypothesis as a candidate for the initial stage 
in the planetesimal formation process, and show how it could lead to concentrations with the 
mass equivalent of a 10 - 100 meter size object. Objects of this size would settle rapidly to 
the nebula midplane, and their subsequent growth and radial evolution may be modeled as 
“drift-augmented accretion” in which subsequent growth to asteroid radius r, at heliocentric 
distance R, can be geologically rapid (roughly 10 4 (r/10km)(R/lAU) 2 yr) [7]. 

There are many unexplored and uncertain aspects of the turbulent clumping scenario. 
Solid chondrule-sized elements are merely presupposed, and the elusive intense thermal 
processing stage leading to chondrule formation is not addressed. Nor does this scenario 
explain evidence for high relative velocities between chondrule-sized objects, leading to 
considerable fragmentation prior to accumulation. Compression of loose agglomerations 
of chondrule-sized constituents to “rocks” is another “detail left to the reader . On the 
positive side, however, new physics has been introduced that appears to provide a fruitful 
direction for future study. 

References: [1] Goldreich P. and Ward W.; Astrophys J., 183, 1051-1061; [2]: Kerridge J. (1993) 
Icarus 106, 135-190; [3] Dodd R. T. (1976) EPSL 30, 281-291; Hughes D. W. (1978) EPSL 38, 391- 
400- [4] Skinner W. R. and Leenhouts W. (1993) LPSC XXIV, 1315-1316; Scott E. R. D. and Haack 
H (1993) Meteoritica 28, 434; [5] Metzler et al. (1992); GCA 56, 2873-2898; [6] Weidenschffling 
S. (1980) Icarus 44, 172-189; (1984), Icarus 60, 555-567; [7] Cuzzi J. N. et al. (1993) Icarus 106, 
102-134; [8] Safronov V. S. (1991) Icarus, 94, 260-272; [9] Squires K. D. and Eaton J. K.; Phys. 
Fluids A2, 1191-1203; Phys. Fluids A3, 1169-1178; [10] Wood J. and Hashimoto A. (1993) GCA 
57, 2377 - 2388; [11] Cuzzi J. N. et al. (1993) Meteoritica, 28, 339; Dobrovolskis A. R. et al. (1993) 
B.A.A.S. 25, 1122, and B.A.A.S. 25, 1248 
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NMR SPECTROSCOPY OF EXPERIMENTALLY SHOCKED COCONINO SANDSTONE AND THE 
EFFECT OF PORE WATER; R. T. Cygan^, M. B. BosloughL and R. J. Kirkpatrick 2 , ^Sandia National 
Laboratories, Albuquerque, NM 87185 and University of Illinois, Urbana, IL 61801 

We have extended our solid state ^Si nuclear magnetic resonance (NMR) spectroscopic study of 
shocked Coconino Sandstone from Meteor Crater, Arizona. Previously we showed that the NMR spectra 
of naturally-shocked samples taken from the crater are in excellent agreement with the classification 
scheme of Kieffer [1], and we identified a new hydroxylated amorphous phase [2,3]. To follow up that 
work, we have now collected data on Coconino Sandstone explosively shocked to independently-known 
pressure-temperature states. In addition, we performed identical explosive loading experiments on 
water-saturated samples to characterize the effects of groundwater in a natural impact. The magic-angle 
spinning (MAS) spectra for the shocked sandstone powders exhibit no additional phases; resonances for 
coesite and stishovite are not observed. However, a broadening of the quartz resonance is exhibited for 
both dry and wet samples relative to the narrow resonance for quartz in the unshocked material. The 
cross-polarization magic-angle spinning (CPMAS) NMR experiments exhibit an enhanced single 
resonance, probably associated with hydroxylated silicon in kaolinite clay. This peak broadens with 
shock-loading for both dry and wet samples. There is no clear distinction between the NMR spectra 
obtained for the dry and wet samples recovered from the shock-loading experiments. 
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Figure 1. ^Si NMR spectra of unshocked and experimentally-shocked (dry and wet) Coconino 
Sandstone samples. MAS (all Si sites) and CPMAS (hydrated Si species) spectra are presented for each 
sample. Arrows denote approximate chemical shift observed in previous studies [2,3] for quartz (Q), 
coesite (C), clay, and hydrated amorphous silica, including Q 3 (one OH) and Q 2 (two OH) silicon sites. 
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The present work is part of a continuing project to develop solid state NMR spectroscopy as a 
method of quantifying the effect of shock loading experienced by silicate minerals subjected to natural 
impact. We have previously suggested that NMR spectra be used as an unambiguous identification 
technique for shocked quartz, and have shown that it can be used as a "shock barometer" under some 
conditions [4,5]. In addition to finding a new densified amorphous phase, we have shown that NMR 
relaxation analysis can provide morphological information about shock-produced amorphous material [6]. 
However, our measurements to date have been limited to laboratory-shocked synthetic quartz samples, 
and to naturally-shocked sandstone. Moreover, other workers have obtained quantitatively different 
results using different starting materials (single crystals as opposed to powder) and different loading 
conditions [7], By subjecting Coconino Sandstone to the same shock-loading histories as pure synthetic 
quartz in our earlier work, we are beginning to bridge the gap between natural and artificial shock-loading 
histories to help understand the differences. In addition, by using initially water-saturated samples, we 
attempt to 1) isolate the effect of the presence of water and 2) find out if the dense amorphous 
hydroxylated phase we found in naturally-shocked sandstone can be synthesized in the laboratory, and if 
so, under what conditions. 

Samples of unshocked Coconino Sandstone were obtained from near Meteor Crater, Arizona and 
were subjected to explosive loading using the Momma Bear fixtures of Graham and Webb [8]. Wet 
experiments were performed by first saturating the sandstone powder with deionized water before sealing 
the copper sample fixture. The dry powder samples were subjected to peak shock pressures of 
approximately 7.5,16.5, and 22 GPa. The corresponding pressure values for the wet sandstone 
samples are somewhat higher. The recovered materials were examined by optical and secondary 
electron microscopies, X-ray diffraction, and NMR spectroscopy. We use both standard MAS and 
CPMAS techniques in the NMR experiments to determine the resonances associated with Si nuclei. 
Cross polarization transfers nuclear spin from protons to the ^®Si, thereby providing additional structural 
information and preferentially eliminating spectrum signal produced by anhydrous phases. 

The MAS and CPMAS spectra obtained for the shocked sandstone samples do not exhibit any 
additional resonances compared to the spectra for the unshocked sample (Figure 1). Resonances for 
coesite (-108 ppm and -113 ppm) and stishovite (-192 ppm) are not observed. The strong four-fold 
coordinated silicon resonance, with a chemical shift of -108 ppm, dominates the MAS NMR spectra. A 
broadening of the quartz resonance for both dry and wet samples is observed with increasing shock 
pressure. These results are similar to our previous work on dry synthetic quartz powders [4,5]. A minor 
resonance in the MAS spectra, corresponding to the major resonance in the CPMAS spectra, is observed 
at -92 ppm. These resonances are associated with the hydroxylated silicon site in clay, probably 
kaolinite; X-ray diffraction analysis of the recovered material confirms this assignment. Some 
broadening of the clay CPMAS resonance occurs with increasing shock pressure for both dry and wet 
samples. There is no clear evidence for the formation of a dense hydroxylated amorphous phase in the 
material recovered from the wet shock-loading experiments. We previously observed for several 
naturally-shocked samples from Meteor Crater a very strong resonance with a chemical shift of -97 ppm, 
corresponding to silicon [2,3]. These differences in the NMR spectra are related to the distinct 
loading and unloading histories associated with experimental shock-loading and natural impact events. 

References: [1] Kieffer (1971) J. Geophys. Res. 76, 5449-5473. [2] Boslough etal. (1993) Lunar 
Planet. Sci. XXIV, 149-150. [3] Cygan etal. (1994) In Shock Waves in Condensed Matter-1993, in 
press. [4] Cygan etal. (1990) In Proc. Lunar Planet Sci. Conf. 20th, 451-457. [5] Cygan etal. (1992) In 
Proc. Lunar Planet Sci. Conf. 22nd, 127-136. [6] Assink et al. (1994) In Shock Waves in Condensed 
Matter-1993, in press. [7] Fiske et al. (1993) Lunar Planet. Sci. XXIV, 491-492. [8] Graham and Webb 
(1984) In Shock Waves in Condensed Matter-1983, 211-214. 
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THE PLANETARY DATA SYSTEM EDUCATIONAL CD-ROM 
DEMONSTRATION; M. A. Dale-Bannister, McDonnell Center for the Space 
Sciences, Department of Earth and Planetary Sciences, Washington University St 
Louis, Missouri 63130-4899. 

A chief purpose of the PDS Educational CD-ROM is to provide PDS-compatible 
data sets to the research and educational communities and help provide for an 
understanding of how planetary exploration and science are achieved. The Planetary 
Data System (PDS) Educational CD-ROM contains 5 analysis modules and 
amultimedia program called Journey to the Planets. The analysis modules are for 
use in planetary geology studies from the undergraduate through the graduate level. 
Journey to the Planets is an interactive, multimedia system that can be used with a 
more general audience and runs on Macintosh, personal computer systems running 
Windows, or Silicon Graphics work stations. 

Journey to the Planets is a tool for presenting the excitement of planetary 
exploration to advanced and beginning students in planetary geology. Journey to the 
Planets is activated by clicking on the Journey icon within the file management 
system. The student chooses his own path through Journey to the Planets, using a 
point and click interface, by selecting first a planet or small body of interest. 
Individuals unfamiliar with "point and click" interfaces will find a brief user’s guide in 
the Journey directory of the Educational CD-ROM. After selecting a planet or small 
body, the student may select an image from a menu, consisting of thumbnail 
renditions (very small, reduced versions) of the images available, for the selected 
planet or small body. Each image has a caption that appears on the screen, next to 
the image. By clicking buttons labeled with icons the student can guide himself, 
based on interest. Choices include having the computer read the caption aloud 
(volume control is available as a slider); selecting a "zoom-in" mode, where the 
student can get a high-resolution view of a feature of interest; selecting a spacecraft 
information mode, where the student learns about the spacecraft that acquired the 
image through another system of images and captions; or selecting the next or 
previous image in the stack available for the chosen planet. 

The interactive interface makes Journey to the Planets easy to use and 
generates student interest because it allows the student to choose his own path. An 
instructor can also guide the student’s path through the program by providing 
exercises in which Journey is used as a tool. For example, a set of questions about 
Venus might be prepared by the instructor in such a way as to guide the student 
through a path in the program that includes investigations of Venusian volcanology 
and the Magellan spacecraft. 


analysis modules include one module on photometric analysis of Voyager 
images of Titania using SPICE kernels and NAIF software. Another module involves 
an analysis and comparison of meteorite and asteroid reflectance spectra with 
reflectance spectra of minerals taken on Earth. There is a module that uses Viking 


312 LPSCXXV 

THE PDS EDUCATIONAL CD-ROM DEMONSTRATION; Dale-Bannister, M. A. 


Orbiter images and topography combined with line-of-site gravity measurements to 
investigate gravity anomalies over Olympus Mons on Mars. A fourth module uses 
chemical analyses of Apollo 17 samples, an Apollo orbital image that covers the area 
in which samples were acquired, and linear mixing models to deve op a scenario for 
the evolution of one area on the moon. A fifth module examines Magellan SAR 
mosaics, as well as altimetry and emissivity data sets covering Sapas and Maat 
Mons on Venus. The volinfo.txt file contains detailed text for each analysis 
that explains the purpose of the module, and any software and data associated with 
it. A background discussion document is also included in the documentation 
directory of the CD-ROM. This document provides quantitative background material 
necessary for the student to take maximum advantage of the module exercises. 
Topics included in the background document include radiance, irradiance, Fresnel 
and volume scattering, the Planck Function, emissivity, Kirchoffs Law, and the basics 
of radar backscatter theory. The use of SPICE for photometric analysis of Voyager 
2 images of Titania is also discussed. 


The Educational CD-ROM is available from the Planetary Data System through the 
Geosciences Node for NASA-sponsored researchers. To place an ° r d©r contact 
Mary A Dale-Bannister (internet: dale@wunder.wustl.edu; telephone: 314-935-6652). 
Individuals not sponsored by NASA should contact the National Space Sc.ence Data 
Center (NSSDC - internet: request@nssdc.gsfc.nasa.gov; telephone. 301-286-6695). 
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HIGH-RESOLUTION TRANSMISSION ELECTRON MICROSCOPY OF 
METEORITIC AND TERRESTRIAL NANO-DIAMONDS 


T. L. Daulton 1 , D. D. Eisenhour 2 , P. R. Buseck 2 , R. S. Lewis 3 , and T. J. Bematowicz 4 , 'Department of 
Physics, Geology, and Chemistry, Arizona State University, Tempe AZ 85287-1404, 2 Departments of 
Geology and Chemistry, Arizona State University, Tempe AZ 85287-1404, 3 Enrico Fermi Institute, 

University of Chicago, Chicago IL 60637-143, 4 The McDonnell Center for Space Sciences and the 
Department of Physics, Washington University in St. Louis, St. Louis MO 63130 

Introduction: Primitive meteorites contain within their bulk matrices a few parts per million of pristine 
interstellar grains that have survived the various mineral formation, accretion, and alteration processes that produced 
the meteorite parent bodies. These grains represent our only direct specimens of (surviving) physical material 
formed in past interstellar environments which we can subject to quantitative laboratory analysis. Interstellar grains 
were recognized from their isotopic compositions which are anomalous with respect to the solar mean and they 
were subsequently isolated and identified (graphite [1], silicon carbide [2,3], and diamond [4,5]). The most abundant 
of these carbon-rich components is diamond [6], This abundance may not be representative of its distribution in the 
interstellar medium but most likely reflects its durability to pre-solar processing. The strong covalent tetrahedral 
bonds in the diamond structure make it highly resistant to alteration from: annealing, radiation damage, and 
chemical processing. 

In this study, interstellar diamond crystallites isolated from acid dissolution residues of carbonaceous meteorites 
(Allende and Murchison) were systematically examined using high-resolution transmission electron microscopy 
(HREM). The distribution, density, and types of microstructural defects present in these nanocrystallites are 
heavily dependent on the details of the kinetics and energetics of the growth mechanism and are characteristic of the 
particular formation mechanism which produced them. Therefore, a detailed examination of the microstructures can 
be used to extrapolate information pertaining to the localized environments of diamond formation. To discriminate 
among the most likely formation mechanisms, microstructural features observed in the HREM images of the 
interstellar diamond crystallites are compared to those observed in terrestrially synthesized nano-sized diamonds 
formed from low pressure [4] chemical vapor deposition (CVD) and from high pressure shock waves [7] produced in 
controlled detonations [8]. 

Discussion: A JEOL JEM-4000EX high-resolution transmission electron microscope, operating at 400 
KeV with a point-to-point resolution of 0.17nm equipped with a CCD video camera was used for the HREM 
imaging. The microstructures of the meteoritic diamonds exhibit extensive twinning. The most common and 
lowest energy twin boundary is a first-order E=3 (coincidence lattice site notation [9]) boundary with a {111} 
coherent twin plane. In a lower abundance, multiple 1=3 twin boundaries are also observed. The most striking of 
these microstructures has a star configuration similar to those commonly observed in CVD diamond films [10] 
(Fig. la & lb). Because of a 7.36° misalignment of the lattices, it is impossible to have five coherent 1=3 twin 
boundaries sharing a common core. However a nano-sized structure can readily accommodate this misalignment by 
elastic strain at the twin interfaces (Fig la). Single and multiple Z=3 twin boundaries are also observed in the 
terrestrially shocked diamonds, however no twin quintuplets (stars) have been observed. The shocked diamonds also 
differ in that they exhibit a large density of dislocations that are not observed in the meteoritic diamonds. 

Type m hexagonal diamond (lonsdaleite) has been identified in the meteoritic acid dissolution residues (Fig. Id). 
Lonsdaleite has been previously associated with meteorites; however, its formation there is attributed to terrestrial 
impact or recent meteoritic collisions in the early solar system [11, 12]. Since there is no evidence in Allende or 
Murchison for the shock levels necessary to produce lonsdaleite, the observed lonsdaleite is plausibly identified as 
an interstellar grain constituent. Although lonsdaleite is associated with shock processes, it is feasible that under 
certain CVD conditions that the kinetics would be favorable for the formation of the hexagonal polymorph [13]; 
this is further suggested from its observed nano-scale epitaxial growth on cubic diamond (Fig. lc). This should 
impose additional constraints on the diamond forming interstellar environment. As expected, lonsdaleite is 
observed in diamonds synthesized in high pressure shock waves. It occurs as single crystals and in narrow (several 
unit cells wide) shock lamellae within cubic diamond nanocrystallites. These preliminary results indicate that the 
microstructures of the meteoritic diamonds are more consistent to those observed in CVD diamonds than those of 
shocked diamonds. This does not rule out shock processes as a diamond formation mechanism. However, it does 
suggest that the majority of observed meteoritic diamonds were formed from CVD-type low pressure processes. 
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Figure 1: HREM atomic resolution lattice images of meteoritic diamonds, (a) A twin quintuplet exhibiting 
pseudo five-fold symmetry in Allende DM. (b) A larger pentagonal multiple-twin microstructure in Murchison X. 
These nano-stars are presumably formed in the circumstellar shells of distant stars, (c) An epitaxial intergrowth of 
cubic and hexagonal diamond (lonsdaleite) in Allende DM. (d) Single crystal of lonsdaleite in Murchison X. 

References* (1) Amari S. Anders, E., Virag, A., & Zinner, E. (1990) Nature 345, 238. (2) Bernatowicz, T., 
Fraundorf, G„ Tang, M„ Anders, E„ Wopenka, B„ Zinner, E„ & Fraundorf, P. (1987) Na/are 330 728. (3) Tang M 
Anders E Hoppe P & Zinner, E. (1989) Nature 339, 351. (4) Lewis, R. S., Tang, M„ Wacker, J. F., Anders, E„ & 
Steel, E. (\9%j) Nature 126, 160. (5) Lewis, R., Anders, E & Draine, B. (1989) 339, 117 (6) Anders, E„ 

Lewis R. Ming T. & Zinner, E. (1989) Interstellar Dust edited by Allamandola L. & Tielens, A., 389. (7) Tielens, A., 
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ALTERATION OF ALLENDE TYPE B1 CAIs: WHEN, WHERE AND HOW; Andrew M. 
Davis 1 , Steven B. Simon 2 and Lawrence Grossman 1 ’ 2 . 1 Enrico Fermi Institute, 2 Department of the Geophysical 
Sciences, University of Chicago, Chicago, IL 60637. 

Abstract. We have undertaken a detailed petrologic, chemical and isotopic investigation of secondary alter¬ 
ation of the Allende Type B1 CAIs TS23 and TS34. 26 Al- 2 ^Mg systematics show that alteration occurred at least 
2.4 m.y. after crystallization of primary anorthite. Textural evidence shows that alteration occurred prior to incorpo¬ 
ration of the CAIs into Allende. Trace element abundances and textures show that alteration is dominated by reaction 
of Mg-rich melilite with nebular SiC> 2 . Reaction between melilite and anorthite also occurred, as did loss of Sr and 
gain of volatiles. 

Introduction. Although the crystallization history of Type B CAIs is becoming well-constrained by experi¬ 
mental petrology [1,2,3] and by detailed studies of trace element zonation [4,5,6,7], the very last stages of crystal¬ 
lization and the alteration that followed are not well understood. Phase equilibria [1] show that the last liquid should 
crystallize spinel + melilite + fassaite + anorthite. Ion microprobe analyses show that fassaite that crystallized late in 
Type B CAIs is enriched in LIL trace elements relative to early-formed fassaite, because they are incompatible in all 
crystallizing phases [6], Application of partitioning data to REE abundances in CAI anorthite also indicates that this 
phase crystallized from a late, REE-rich liquid [8], No mesostasis has ever been observed in a CAI, but the report of 
extremely REE-rich alteration products with chondrite-normalized abundances like that of very late fassaite (-1000 x 
Cl) in the Allende Type B1 inclusion TS23 [6] led us to consider the possibility that fassaite or REE-rich mesostasis 
was altered, rather than melilite [9] or melilite and anorthite [10] as is commonly assumed. To investigate the extent 
to which melilite, anorthite, fassaite or mesostasis were altered, and to assess whether REE and other trace elements 
were internally redistributed, or lost or introduced during alteration, we have undertaken a detailed SEM, electron mi¬ 
croprobe and ion microprobe study of alteration products in the Allende Type B1 CAIs TS23 and TS34. 

Petrography. Both of these inclusions have melilite-rich mantles and spinel-, fassaite-rich cores. They also 
contain melilite with reversely-zoned bands, indicating that pyroxene crystallized before anorthite and making the lat¬ 
ter the last major phase to join the crystallization sequence [2]. Mantle melilite is only lightly altered, with alter¬ 
ation products (predominantly grossular) present mainly along veins, whereas in the interior, patches of alteration 
products -100 pm across are present. These patches mainly consist of 10-20 Jim anhedral grains of wollastonite and 
monticellite and anhedral to nearly euhedral grossular. Point-counting of b.s.e. images of two such areas give —50 
wt% grossular, -40 wt% monticellite and -10 wt% wollastonite. All three alteration minerals are very close to end- 
member compositions. These intensely altered zones generally occur between ragged (partially altered) grains of anor¬ 
thite and Mg-rich melilite (typically Ak 72 _ 76 ) and clean, unaltered grains of fassaite and spinel. 

Mg isotopes. Mg isotopic measurements on TS23 and TS34 show that most anorthite contains excess 
26 Mg consistent with the canonical early solar system 26 A1/ 27 A1 ratio of 4-5 x 10~ 5 , but some anorthite in altered 
zones of TS34 shows evidence of later disturbance, at least 3.3 x 10 5 years after formation of primary anorthite. 
Grossular is the only secondary phase with high Al/Mg. One fairly clean grossular spot in TS34 contains no excess 
26 Mg and must have crystallized at least 4.6 x 10 5 years after primary anorthite. Hutcheon and Newton [10] reported 
a clean grossular spot in TS23 with no excess 26 Mg that must have foimed at least 2.4 x 10 6 years after primary 
anorthite. 

In the previous discussion, we assumed that the 26 Al- 26 Mg system can be used as a chronometer. Another 
possible explanation of the Mg isotopic data is that open system alteration occurred shortly after primary mineral 
crystallization in a region of the solar nebula with no 2 ^A1. If grossular formed at essentially the same time as anor¬ 
thite, the 26 A1/ 27 A1 ratio in it must have been diluted by at least a factor of ten compared to the reservoir from 
which the primary phases of TS23 and TS34 crystallized. Mass balance considerations require that most of the A1 
from breakdown was lost from the CAI and that most of the A1 now in grossular was introduced from the 26 Al-free 
reservoir in which alteration occurred. Trace element data (below) do not suggest wholesale exchange of components 
with a reservoir external to these CAIs during alteration. 

Trace elements. We measured major and trace elements in several profiles across alteration zones in the 
heavily altered interiors of TS23 and TS34. Alteration zones are light REE-enriched, with La enriched relative to Cl 
chondrites by 20-100 times. The REE patterns resemble those of adjacent late-crystallized melilite. The altered zones 
are enriched in B, F, Na, K, Cl and Pb relative to adjacent primary phases and strongly depleted in elements that oc¬ 
cur primarily in fassaite, Ti, Sc and Zr. Alteration zones are fairly high in Sr, Ba and Eu, like adjacent melilite and 
anorthite. A plot of chondrite-normalized Eu/Sr vs. Ba/Sr shows several interesting features. Fassaite and anorthite 
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have constant Eu/Sr, but variable Ba/Sr. Early- 
crystallized melilite has Eu/Sr x Cl values of -1, 
but Eu/Sr and Ba/Sr drop for late-crystallized 
melilite. Alteration zones show a good correlation 
between Eu/Sr and Ba/Sr, with the trend line 
passing through the melilite points. Alteration 
zones appear to have inherited their trace element 
abundances from melilite; Sr was lost in varying 
amounts relative to Ba and Eu. 

Discussion. It has long been assumed 
that most of the alteration products observed in 
CAIs were derived from melilite [9,11]. Our pet¬ 
rographic and trace element studies show that the 
precursor was largely Mg-rich melilite, but there 
is textural evidence that some alteration of pri¬ 
mary anorthite also occurred. In addition, the par¬ 
tial resetting of the 26 Al- 26 Mg system in 
anorthite adjacent to an altered area in TS34 
suggests that some elemental exchange can occur 
in primary anorthite. Hutcheon and Newton [10] 
proposed that melilite and anorthite reacted to 
form grossular + monticellite, based on the 
association of the former phases with intensely 
altered patches, but our data (Fig.) indicate little 
contribution from anorthite, and the bulk 
alteration products are more Si02-rich than 
melilite + anorthite. We conclude that the alter- 



0.01 0.1 1 10 
Ba/Sr (relative to Cl chondrites) 


ation products were derived from Mg-rich melilite . .. 

by reaction with a Si0 2 -, alkali-bearing fluid. The intense alteration in the interior of the inclusions vs. the light 
alteration of the gehlenitic mantles further suggests that Mg-rich melilite is more easily altered than gehlemtic 
melilite. The fact that altered zones do not have the high REE contents expected for the liquid from which primary 
fassaite and anorthite grew indicates that there was essentially no late-stage, residual mesostasis in Type B1 CAIs 


prior to alteration. 

When? 26 Al- 26 Mg systematics indicate that alteration occurred at least 2.4 m.y. after crystallization of the 
primary minerals of Type B1 CAIs. The only way to accommodate a substantially shorter nebular lifetime is to have 
alteration occur in an 26 Al-free reservoir with wholesale exchange between 26 Al-free Al in the reservoir and Al- 


rich Al released from breakdown of primary minerals. 

Where? Textural evidence shows that alteration occurred prior to incorporation of the CAIs into the Allende 
parent body, presumably while the inclusions were still in the solar nebula. 

How? Alteration occurred by reaction of nebular Si0 2 with Akermanite-rich melilite, but with some reaction 
between melilite and anorthite. LIL abundance patterns of altered zones were inherited from melilite with no 
exchange of these elements with an external reservoir. There is no evidence for alteration of fassaite, spinel or 
mesostasis. During alteration, Si0 2 and volatile elements were introduced and Sr was lost. 

References: [1] Stolper E. (1982) GCA 46, 2159. [2] MacPherson G. J. el al. (1984) /. Geol. 92, 289. [3] 
Stolper E. and Paque J. M. (1986) GCA 50, 1785. [4] Kuehner S. M. et al. (1989) GCA 53 3115. [5] Beckett. J. 
R et al. (1990) GCA 54, 1755. [6] Simon S. B. et al. (1991) GCA 55, 2635. [7] Davis A. M. et al. (1991) LPS 
XXIII, 281. [8] Simon S. B. et al. (1994) GCA 58, in press. [9] Wark D. (1981) LPS XII, 1145. [10] Hutcheon 
I. D. and Newton R. C. (1981) LPS XII, 491. [11] Beckett J. R. (1986) Ph. D. Thesis. 
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MORPHOMETRIES AND POSSIBLE TERRESTRIAL ANALOGS OF SMALL 
MARTIAN VOLCANOES; Philip A. Davis and Kenneth L. Tanaka, U.S. Geological Survey, 
Flagstaff, Arizona 86001. 

Summary. Using Viking Orbiter images, we obtained photoclinometric profiles for over 
1000 small (basal diameters less than about 5 km) Martian hills with summit craters; the hills 
are interpreted to be volcanoes. This morphometric database was compared with similar data 
compiled for various types of terrestrial volcanoes to determine the closest terrestrial analogs 
for the small Martian volcanoes. Our analysis indicates that the small volcanoes in many of 
the volcanic fields have morphometries that are closest to terrestrial cinder cones. However, 
some Martian volcanic fields are dominated by volcanoes whose morphometries are most 
similar to low-sloping and steep-sided terrestrial shield volcanoes, Icelandic lava shields, and 
tuff rings. 

Introduction. We visually examined the entire inventory of Viking Orbiter images and 
selected all of the several hundred images containing small landforms that appear to be 
volcanic constructs on the basis of morphology (i.e., hills with summit craters) and geologic 
setting. Most of these landforms have been previously interpreted as volcanic constructs [1- 
7]. Most occur between 0 and 60 degrees north latitude; the individual volcanic fields cover 
a wide longitudinal range in the northern hemisphere [1-7]. In the southern hemisphere are 
relatively few small volcanoes; occurrences are isolated, scattered, and mostly in the west. 

We made a photoclinometric profile of each volcano in the selected Viking Orbiter images, 
using the methods described by [8], to obtain detailed topographic data for over 1000 small 
volcanoes. From each profile, we extracted summit-crater diameter and depth and flank 
width, height, and slope (Table 1). (Data for the 36 small volcanoes that occur in the 
southern hemisphere were examined in our analysis but are not shown.) We performed a 
preliminary statistical analysis of these data, comparing the morphometric characteristics of 
the small volcanoes to those compiled for terrestrial volcanoes by [9] in order to determine 
the most likely terrestrial analog for each of the small Martian volcanoes. 

Morphometric Comparisons. Our preliminary morphometric comparisons of the small 
Martian volcanoes and possible terrestrial analogs show that (1) the volcanic fields located in 
Cydonia Mensae and southwest of Utopia Planitia have volcano morphometries most closely 
similar to terrestrial cinder cones, as suggested in a similar comparison by [3]; (2) two small 
volcanic fields (within Cydonia Mensae and within Chryse Planitia) have volcano 
morphometries most similar to steep-sided terrestrial shield volcanoes, as suggested by [10]; 
(3) a small volcanic field north of Olympus Mons and west of Alba Patera has volcano 
morphometries most similar to low-slope terrestrial shield volcanoes; and (4) small volcanoes 
on a plateau remnant between Tempe Fossae and Mareotis Fossae have morphometries most 
similar to low-sloping terrestrial shield volcanoes (as suggested by [6]), Icelandic lava 
shields, and terrestrial tuff rings. 

Cinder Cone Relations. Terrestrial and lunar cinder cones generally have a crater- 
diameter/cone-basal-diameter ratio of 0.4 [3,11]. Our data for four different Martian cinder 
cone fields show a range in this ratio from 0.29 to 0.39 and an average for all cinder cones 
of 0.33; the two cinder cone fields southwest of Utopia Mensae have both the highest and the 
lowest average crater-diameter/cone-basal-diameter ratio. Wood [3] found that lunar cinder 
cones have a cone-height/cone-diameter ratio of 0.04, whereas terrestrial cinder cones have 
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an average ratio of 0.18 [11]. The cone-height/cone-diameter ratio obtained from a single 
Martian cinder cone by [3] is 0.06. Our data (from 969 measurements) show that the ratio 
for Martian cinder cones (0.033) is slightly lower than that of lunar cinder cones, despite the 
difference in lunar and Martian gravity. This result indicates that Martian cinder cones are 
constructed either at low rates, as proposed for lunar cones [3], or of different materials (e.g., 

References. [1] Hodges, C.A. (1979) NASA TM 80339, 247; [2] Hodges, C.A., and 
Moore, H.J. (1979) JGR 84, 8061; [3] Wood, C.A. (1979) PLPSC 10th, 2815; [4]I Hodges, 

C A (1980) NASA TM 81776, 181; [5] Moore, H.J., and Hodges, C.A. (1980) NASA TM 
82385 266; [6] Plescia, J.B. (1981) Icarus 45, 586; [7] Frey, H. and Jarosewich, M. (1982) 
JGR 87 9867; [8] Davis, P.A., and Soderblom, L.A. (1984) JGR 89, 9449; [9] Pike, R.J. and 
Clow, G.D. (1981) U.S. GeoL Survey Open-File Rpt 81-1038, 40p; [10] Greeley, R. et al. 
(1977) JGR 82, 4093; [11] Porter (1978) Bull GeoL Soc. Amer. 83, 3607; [12] Scott, D.H. 
and Tanaka, K.L. (1986) U.S. GeoL Survey Misc. Invest Ser. Map I-1802-A-, [13] Greeley, R. 
and Guest, J.E. (1987) U.S. GeoL Survey Misc. Invest Ser. Map I-1802-B. 

Table 1. Averages and standard deviations of morphometric characteristics of small Martian 
volcanoes obtained by photoclinometric analysis of Viking Orbiter digital images for the 


northern hemisphere of Mars. 
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THE OCCURRENCE OF BLUE LUMINESCING ENSTATTTE IN E3 AND E4 
CHONDRITES. John M DeHart 4 * and Gary E. Lofgren*. + 1914 Amherst Ave., Casper, 
WY 8260L *SN-4, NASA-JSC, Houston, TX 77058. y 


Introduction. Two compositional types of enstatite that emit Cathodoluminescence (CL) are known 
to exist in E3 and E4 chondrites. The first type consists of the most common enstatites that are relatively 
FeO-poor (Approx. En^) and emit a red CL. Their CL is apparently activated by the presence of MnO 
and Cr 2 0 3 in concentrations of 0.2 to 0.6 weight percent. The second type of enstatite is nearly FeO-free 
(>En 9 9 ), contains no MnO or Cr 2 0 3 and emits a blue CL. The origin of these two types of enstatite and 
their accompanying chemical and CL differences has long been a subject of discussion. Leitch and Smith 
[1] first observed the two types and felt the compositional differences were too great to have formed under 
the same conditions. They postulated the two types of enstatite formed on separate parent bodies and were 
mixed when these bodies collided. McKinley et al. [2] observed a continuous range of compositions 
between blue luminescing and red luminescing enstatites and concluded the two types of enstatite formed 
by similar mechanisms (i.e. growth from a preexisting melt). Recently, Lofgren et al. [3,4] presented 
evidence that blue luminescing pyroxenes were relicts that did not completely melt during the heating 
event which melted other precursor grains, and are distinct from the red CL pyroxene in the chondrules in 
E chondrites. In order to further clarify the nature and origin of the pyroxene that emits blue CL, the 
sections listed in [5] were examined for the occurrence of blue luminescing enstatite. 


Observations. In general, the blue luminescing enstatite we observed can be divided into three groups. 
There is a banded variety with bands of bright blue and pale pink to violet CL that appear to be associated 
with polysynthetic twinning. Occasionally, the pink to violet bands are replaced by duller blue 
luminescing bands. A second group of enstatites has CL that is uniformly blue over the entire area of the 
grain. The third type is similar to the enstatites that emit uniform blue CL, but has irregular, duller blue 
luminescing patches occurring throughout the grain. 

Banded, blue luminescing enstatite occurs exclusively in MAC88136 and LEW87223. It is found 
as euhedral to subhedral grains in chondrules, clasts, refractory inclusions and grain fragments in the 
interchondrule matrix of MAC88136. It is likely that this type of blue luminescing pyroxene is unique to 
EL3 chondrites. This is also the only type of blue luminescing enstatite that has been produced in activator 
-depleted, dynamic crystallization experiments [4]. 

Unbanded, uniformly blue luminescing enstatite occurs most often as whiskers or grains 
embedded in kamacite. The proportion of enstatite to kamacite varies widely, from isolated 3 to 5 um wide 
whiskers of enstatite that are embedded in isolated grains of metal, to chondrules 200 to 300 um in 
diameter composed of grains of blue luminescing enstatite with interstitial metal and/or sulfide. While the 
latter cases are found only in the EL chondrites studied, the others are found in all E3 and E4 chondrites. 
It is unusually abundant in PCA82518, whose interchondrule matrix is dominated by metal/sulfide 
aggregates with grains of uniformly blue luminescing enstatite embedded in kamacite. 

Uniformly blue luminescing enstatite also has three other notable occurrences. First, it is nearly 
the exclusive phase found in the interchondrule matrix of LEW87223. Second, it can be found as 5 to 10 
um wide overgrowths after red luminescing pyroxene in chondrules and clasts found in both EH and EL 
chondrites. Finally it can be found in association with other refractory minerals in objects identified as 
refractory chondrules and aggregates. 

The third type of enstatite, the unbanded, uniformly blue luminescing enstatite with irregular, 
duller blue luminescing patches appear to be mostly relict grains. It is most often found in chondrules and 
as isolated grain fragments in EH chondrites. This enstatite occurs as isolated blue luminescing relicts 
surrounded by red luminescing enstatites which appear to have grown from the surface of the blue 
luminescing grain. These mottled blue luminescing enstatites often contain small inclusions of Mn-rich 
sulfides. Also, aggregates of this type of blue luminescing enstatite, metal and a dull blue luminescing 
quartz or nearly pure SiC >2 glass can be found surrounded by red luminescing enstatite that appears to 
have grown from their surfaces. 
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Discussion, These three types of blue luminescing pyroxenes clearly have different histories. The variety 
with CL banding apparently formed from igneous melts depleted in activator cations and appear not to 
have experienced other alteration effects since their formation. In contrast, the history of the uniformly 
blue luminescing enstatite appears to be more complex. CL banding in blue luminescing enstatite grown 
in dynamic crystallization experiments can be eliminated by reheating [4J. This presumably can explain 
the uniform blue CL of the unbanded blue luminescing enstatite, but cannot explain the duller blue 
patches found in the mottled blue luminescing relict grains in E3 and E4 chondrites. In some instances 
(i.e. the blue luminescing pyroxenes included in kamacite), it may also indicate the enstatite formed by 
mechanisms other than growth from an igneous melt, such as gas-solid condensation. Both of these 
phases can condense from a gas of solar composition in the same range of temperatures and pressures [6]. 
It is possible the enstatite condensed first, then acted as nucleation sites on which the kamacite would 
nucleate and grow when conditions of the cooling gas became oversaturated in this phase. 

Conclusion*. No simple explanation can account for the occurrence of all blue luminescing enstatite in 
E-cfiondrites. While it appears blue luminescing enstatite with CL banding has the simplest history (i.e. 
formation from a preexisting melt), the unbanded blue luminescing enstatite appears to have a more 
complex history that involves either reheating or formation by mechanisms other than growth from a 
preexisting melt. 


References; [1] Leitch and Smith (1982) GCA 46, 2083-2097. [2] McKinley et al. (1984) Proc. Nth 
Lunar Planet Sci. Conf, Part 2, J Geophys. Res . 89, Supplement, B567-572. [3] Lofgren G.E. and 
DeHart J.M.. (1992) Lunar and Planetary Science , XXIII, pp. 801-802. [4] Lofgren G.E. et al. (1992) 
Lunar and Planetary Science , XXIII , pp. 799-800. [5] Lofgren G.E. and DeHart J.M..(1993) Lunar and 
Planetary Science, XXIV, pp. 893-894. [6] Grossman, L. (1972) GCA, 36, pp. 597-619. 

Table 1. Representative electron microprobe analyses of the different varieties of blue 
luminescing enstatite in E3 and E4 chondrites. Values are in weight percent. B = 
banded, UB = unbanded, En = enstatite, refract = refractory, incl = inclusion, kam = 
kamacite 


No, Cations 


Sample Description 

Si0 2 A1 j0 3 

i-'eO 

MgO 

CaO 

Total 

per 6 oxygens 

MAC88136: 

B chondrule En 

59.02 

0.17 

0.29 

39.76 

0.35 

99.59 

4.009 

LEW87223: 

UB En in matrix clast 

59,33 

1.52 

0.40 

40.22 

0.06 

101.53 

4.012 

B En in retract incl 

58.98 

1.32 

0.10 

39.40 

0.26 

100.06 

4.002 

ALH84170: 

UB En after red En 

59.93 

0.12 

0.16 

39.91 

0.05 

100.17 

3.999 

UB relict En 

59.75 

0.12 

0.49 

39.36 

0.05 

99.77 

3.997 

UB En in incl in kam 

60.42 

0.10 

0.46 

39.91 

0.07 

100.96 

3.997 

PCA82518: 

UB En alter red En 

59.12 

0.12 

0.40 

40.33 

0.05 

100.02 

4.004 

UB En in incl in kam 

59.43 

0.18 

1.02 

40.65 

0.05 

101.33 

4.013 
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PONDING AND LACUSTRINE DEPOSITION IN LOWER MANGALA VALLES, MARS; R. A. De Hon, 
Department of Geosciences, Northeast Louisiana University, Monroe, LA 71209. 

SUMMARY—Most martian outflows incorporated regions of temporary ponding as 
flood water traversed irregular terrain to lower elevations. Sedimentation 
and erosion in two large lakes attest to a prolonged history of lacustrine 
deposition and fluvial erosion in the lower part of Mangala Valles. 

REGIONAL SETTING—The Mangala Valles outflow system is located in cratered 
plains of the Memnonia region of Terra Sirenum west of Tharsis Montes and 
Daedalia Planum and south-southeast of Amazonia Planitia. Mangala Valles 
appear to originate from a breach in the north wall of the largest of Memnonia 
Fossae grabens. The outflow is traced northward as a broad valley of upper 
Mangala Valles for 500 km where it splits into a complex system of 
anastomosing and divergent channels that extend 275 km northwestward as Labou 
Vallis and 350 km northward as lower Mangala Valles. 

PREVIOUS STUDIES—The outflow system and surrounding region have been 
incorporated in a number of mapping and hydrologic studies [1-9]. Some early 
studies of Mangala Valles placed the source near the junction of Labou Vallis 
and Mangala Valles [10], but improved resolution allowed recognition that the 
valley extends far southward to an apparent source in a breach in Memnonia 
Fossae [8,9,11]. The difficulty of obtaining a high rate of discharge from 
the subsurface has lead some observers to suggest that the source was a 
surface impoundment south of the graben [12,13]. 

OBSERVATION—Lower Mangala Valles (north of the Labou Vallis junction) 
consists of a 120 km long by 35 km wide region of anastomosing channels within 
a topographic basin (South Basin of Fig. 1). At the north end of this region, 
Mangala diverges as a narrow channel of the eastern branch of Mangala Valles 
with a northerly trend and a western branch that widens to another region of 
anastomosing channels (North Basin, Fig. 1) approximately 150 km long and 45 
km wide. Sabis Vallis and the western branch of Mangala Valles extend from 
this basin northward to Amazonis Planitia. 

In both basins, plains material fill structural troughs formed by north¬ 
trending faults. The plains material exhibits an extremely smooth, level 
surface dissected by a complex pattern of channels that leaves isolated 
patches of plains material standing in terraces, streamlined islands, mesas, 
and plateaus as interfluves above the channel floors. North and South Basins 
exhibit inverted and resurrected topography as well as patches of chaotic 
terrain. Some channels within the dissected region exhibit local drainage to 
the south, opposite the regional trend. The sharpest channels tend to follow 
the margins of the basin deposits. 

INTERPRETATION—The regions of extensive anastomosing channels-cutting 
plains material represents dissected lacustrine sediments deposited in ponded 
regions prior to establishing external drainage. 

Remnant plains material, previously mapped as volcanic plains [5], is 
interpreted as lacustrine deposits based on the lack of an identifiable 
volcanic source, extremely smooth surface devoid of ridges or flow fronts, and 
apparent ease of dissection. Lacustrine plains are typically smooth, level 
surfaces within topographic depressions. 

0UTFI£W HISTORY—The Mangala outflow is traced from Memnonia Fossae 
northward into the Labou Vallis region where incised channels are scarce and 
the outflow has ponded to form a large lake [12,13]. As the lake filled to 
capacity and flooded a large area of mid-Mangala Valles, water spilled 
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northward as sheetflood flow across much of the cratered plains (unit chc of 
[1]). Outlets were cut westward to feed Labou Vallis and northward to feed 
lower Mangala Valles. Ponding on northernmost Terra Sirenum, along lower 
Mangala, created large lakes in South Basin and North Basin. Outlets were 
eventually established to Amazonis Planitia. 

Discharge from the mid-Mangala lake continued to maintain lake levels in 
the lower Mangala basins for a long period of time (10's to 100 s of years 
[9]). Lacustrine sedimentation formed smooth plains material. Falling lake 
levels and episodic discharge from mid-Mangala produced anastomosing drainage 
that dissected the lake sediments. Sapping channels recorded the last stages 
of dissection after the lakes were drained. 

REFERENCES—[1] Mutch, T.A. and E.C. Morris, 1979, USGS Map 1-1137; [2] Scott, 
D.H. and K.L. Tanaka, 1986, USGS Map I-1802-A; [3] Chapman, M.L. et al., 1989, 
USGS Map 1-1962; [4] Chapman, M.L. and K.L. Tanaka, Proc. LPSC 20th, 531-539; 
[5] Chapman, M.L. and K.L. Tanaka, 1992, USGS Map 1-2294; [6] Craddock, R.A. 
et al., 1990, LPSC XXI, 240-241; [7] Craddock, R.A. and R. Greeley, 1992, USGS 
Map 1-2310; [8] Tanaka, K.L. and M.G. Chapman, 1990, JGR 95, 14,315-14,323; 

[9] Zimbelman, J.R. et al., 1992, JGR 97, 18,309-18,317; [10] Sharp, R.P. and 
M.C. Malin, 1975, GSA Bull. 86, 593-609; [11] Schumm, S.A. , 1974, 

Icarus 22, 371-384; [12] Parker, T.J. and D.S. Gorsline, 1991, 
LPSC XXII, 1031-1032; [13] De Hon, R.A., 1992, Earth, Moon, and 
Planets 56, 95-122. 



Figure 1. Lake basins in northern Memnonia. Stippled areas held 
standing water. North and South Basins are regions of highly- 
dissected smooth plains material. 
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An Oxygen Fugacity Grid For Nebular And Planetary Geochemistry. 

Jeremy S. DELANEY 1 ; S.R. SUTTON 2 & S. BAJT 2 ’ (1) Dept Geological Sciences, Rutgers 
University, New Brunswick, NJ 08903; (2) Dept Geophys. Sciences & CARS, University of Chicago, 
Chicago, III 60637 

The quantitative characterization of the oxidation states for a broad range of multivalent elements 
in micrometer scale volumes is now possible using x-ray absorption near-edge spectroscopy (XANES). 
Such measurements can be used to determine, directly and precisely, the oxygen fugacity at which 
many geo/cosmochemically relevant reactions occur. With data available for a comprehensive suite of 
reactions, a grid of oxygen fugacity sensitive reactions boundaries can be assembled that provide 
fundamental constraints on nebular and planetary processes. The ability to constrain reactions directly 
in oxygen fugacity space removes a major limitation from thermochemical modelling of P-T-X relations 
as the need to make assumptions about the oxygen fugacity will be removed. 

INTRODUCTION: The early nebula has provided samples that were produced under an enormous 
range of physical conditions. Among the most critical parameters that must be determined for many 
nebular and planetary assemblages is the oxygen fugacity (or the equivalent fugacity for the relevant 
buffer species) under which reaction occurred. Generally, oxygen fugacity is inferred indirectly, as 
techniques for directly measuring it's effect were unavailable. However, the application of a new 
microanalytical technique (x-ray absorption near edge spectroscopy, or XANES) makes measuring the 
oxidation state of multivalent elements possible (1,2,3). The application of this technique to the 
estimation of oxygen fugacity (as well as the fugacity of other gaseous species) in terrestrial and 
extraterrestrial materials becomes an important constraint on models of nebular processes. Because 
quantitative measurements of oxidation state will permit detailed calculation of oxgyen fugacity in a 
great variety of nebular and planetary reactions, it will be possible to erect a systematic grid of fugacity 
sensitive reactions, that bracket and constrain assemblages observed in chondritres and achondrites. 
Overview Of The Oxygen Fugacity Grid Approach: Reactions involving change of valence in 
multivalent elements such as Fe (as well as Cr, Ti, Nb, V, Eu, Ce, U etc.) are controlled by the oxygen 
fugacity of the systems in which they occur. In some cases the fugacity is imposed by external gas 
reservoirs such as subsystems of H-C-O-S but in other cases the oxygen fugacity will be internally 
buffered by the solid-solid or solid-liquid reactions occurring (4). In both cases, however, the abundance 
ratios of different oxidation states for multivalent elements will be controlled in whole or in part by the m 
oxygen fugacity and measurement of these abundance ratios directly constrains the ambient f02. 

Because reactions involving these multivalent species occur throughout the range of probable 
nebular conditions, a grid of fugacity controlled reactions can, in principle, be created. A familiar 
subgrid of this oxygen fugacity grid is the f0 2 vs temperature plot for the "classic" Fe-buffer curves: 
iron-wiistite; quartz-magnetite-fayalite; magnetite-hematite. Buffer reactions involving other elements 
and other phases also contribute to the complete grid. Reactions controlling the Fe 3+ , Fe 2+ and Fe° 
contents of coexisting phases will be among the most important and informative in both terrestrial and 
extraterrestrial systems as iron is generally high abundant and often ubiquitous in most systems, 
Reactions involving oxidation state changes for minor and trace elements are unlikely to influence the 
ambient oxygen fugacity of a system but will reflect that fugacity in their abundance ratios. Such 
reactions act as tests of inferred fugacity based on major elements and/or dominant gas species. 

Temperature estimates can generally be made based on thermochemical data for a broad 
array of element partitioning reactions as reliable compositional data are available for many samples. 
Pressure estimates are more difficult especially for systems involving gases where the gas phase is 
lost. The pressures for nebular processes were generally low and the most sensitive indicator for these 
low pressure reactions, the gas/vapor phase is never preserved. An aspect of the pressure regime, the 
fugacity of the reacting gases may be accessible in some cases as the gas fugacity of the system 
controls the relative abundances of different oxidation states of some multivalent elements. 

Analytical Considerations: Commonly used analytical techniques provide abundance data for a wide 
range of elements and isotopes, but provide no data, about the oxidation state of the elements in any 
phase. A typical analysis of a bulk chondrite will present the abundance of iron in the sample but 
provides no information about the abundances of ferrous, ferric and native iron that are summed 
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together in that analysis. A few techniques are capable of measuring the ratios of the different valence 
states of elements. MSssbauer spectroscopy is the most widely used of these techniques but it is 
limited to relatively large samples and to elements for which appropriate isotopes are available. 
Techniques capable of measuring valence states of atoms in micro-scale volumes comparable with 
those of the standard microanalytical techniques have been unavailable. In addition, the previously 
available techniques can only be applied to a limited range of multivalent elements. An ideal 
technique would allow non-destructive measurement of the valence state of any element in a volume 
comparable with that analyzed by geochemical microprobes (pm 3 ) so that both the variations within a 
single mineral grain and the partitioning of multivalent elements between coexisting phases can be 
measured. A technique for making these measurements is X-Ray Absorption Near Edge Spectroscopy 
(XANES) Applied With The Synchrotron X-Ray Microprobe (1). Although measurements carried out so 
far (1,2,3) have focussed on the elements Cr and Fe, this technique is applicable (in principle) to any 
element that occurs in multiple valence states. Oxidation state determinations using the microXANES 
technique is presently in its infancy but the potential exists for the development of a universally 
applicable method. The sensitivity of the technique is defined by the elemental concentrations and the 
brightness of available synchrotron x-ray sources. The accuracy is defined by the accuracy of 
interpretive methods for the XANES spectra and the availability of appropriate standards produced in 
experiments under controlled oxygen fugacity. 

Applications: Elements whose variable oxidation states may be exploited as useful fugacity 
indicators include: Ti, V, Cr, Fe, Cu, Nb, Mo, W, (Ce,) Eu, U. Although the volatilities of most REE are 
sensitive to oxygen fugacity, the stabilization of multiple valence states in the solid phase (except Eu) 
may not be detectable. Terrestrial examples of the importance of Fe 3+ /lFe measurements as part of 
the estimation of oxygen fugacity are well known (4,5). Extraterrestrial examples tend to be less 
obvious as systems involving ferric iron are less common. However, nebula conditions are so diverse 
that the existence of other elements in multiple oxidation states can be used to constrain oxygen 
fugacities in addition to Fe. Between the very reduced assemblages with Si 0 stable in metallic phases 
to C-chondrite matrix with stable hematite and magnetite almost every multivalent element is likley to 
be present in different oxidation states. Some reactions with possible relevance to meteoritic 
assemblages include Ti 3+ /Ti 4+ in hibonite-fassaite assemblages and in various transition elements in 
refractory inclusions, rims, and frembdlinge; Cr 3+ /Cr 2+ exchanges in ol-pyx-spinel assemblages; 
Fe 3+ /ZFe In fine grained matrix material from C-chondrites, including alteration products in Cl's, as 
well as partitioning between silicates and oxide minerals from chondrites and achondrites; and 
Eu 2+ /Eu 3+ exchanges in phosphate/feldspar/ pyroxene assemblages. 

If several reactions involving oxidation state changes can be identified within a single 
assemblage, the intersection of reaction boundaries in temperature - fO z space will define the P-T-X 
conditions under which reaction occurred. This approach cannot be yet be applied as there are 
insufficient data for oxidation state changes in natural materials. With the availability of synchrotron 
microXANES, the characterization of relevant reactions can be initiated. Systematic studies of the 
partitioning behavior of elements in multiple oxidation states must be carried out to identify the critical 
reactions in the oxygen fugacity grid so that it may be used in conjunction with existing petrogenetic, 
phase equilibrium and element partitioning results. For the classical Fe-buffers (Figure 1) most 
reaction boundaries have roughly parallel slopes. To maximize the sensitivity of the oxygen fugacity 
grid, it is essential that reaction boundaries intersect at high angles to these reactions be identified. 
Thus, buffering reactions that do not liberate O 2 or other gases will be very important (i.e. reactions with 
very small volume changes.) 

References: (1) Sutton et al.(1994) this volume ; (2) Sutton et al, (1993) GCA 57,461; (3) Sutton et al. 
(1993) LPSC XXIV, 1385; (4) Carmichael & Ghiorso (1990) Rev. Mineral. 24,191; (5)Ballhaus 

C.(1993) Nature, 386, xxx : Acknowledgements: NAG9-304 
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ABUNDANCE AND DIFFUSIVITY OF SULFUR IN LUNAR PICRITIC MAGMAS 
J. W. Delano 1 , B. Z. Hanson 1 , and E. B. Watson 2 . 'Department of Geological Sciences, State University of 
New York, Albany, NY 12222; department of Earth and Environmental Sciences, Rensselaer Polytechnic 
Institute, Troy, NY 12180. 

SULFUR ABUNDANCES 

The abundance of sulfur (S) has been measured (Table 1) by electron microprobe in fourteen varieties 
of picritic volcanic glass [1], These abundances apply to the interiors of the volcanic glass spherules, and do 
not include the well-known surface-correlated sulfur [e.g., 2J. The electron microprobe was operated at 15 
keV with a beam current of 50 nA. Counting times per analysis were 300 seconds on the peak position plus 
150 seconds on each of the two background positions. A detection limit of 35 ppm S was achieved under these 
conditions. Mobility of S in the glass during the electron bombardment was explicitly looked for but not 
observed in these lunar glasses. 

Although a correlation between Ti and S has been observed among the crystalline mare basalts [e.g., 
3,4], no correlation is apparent among the picritic volcanic glasses (Figure 1). Note in Table 1 and Figure 1 
that there is often a substantial range in abundance of S among glass spherules belonging to a single 
compositional group. Where bulk analyses of picritic glasses have been reported [3], the bulk S abundance is 
up to a factor of 4 greater than the mean abundance of S within the interior of the glass spherules. For 
example, in Figure 1, compare the "bulk 15427" and "bulk 74220" data with the interior S abundances 
measured in this investigation by electron microprobe. These higher bulk abundances underscore the 
importance of S-rich coatings on the exterior surfaces of the spherules. Although (a) the range of S 
abundances within individual suites of picritic glass and (b) S-rich surface coatings are consistent with diffusive 
loss of S from the spherules during their eruption in fire fountains, no well-defined diffusion profiles for S 
have yet been observed in any of the detailed linescans that have been made on individual volcanic glass 
spherules. A similar observation has been made previously for the Apollo 15 green glasses [5], The lower S 
abundances in the picritic glasses compared to the crystalline, less primitive mare basalts are not due to their 
high normative olivine content or higher percentages of partial melting. If the picritic magmas represented by 
the volcanic glasses originally had S abundances comparable to those observed in the crystalline mare basalts 
(Figure 1), then up to 90% of the original S was lost from some of those picritic melts prior to quenching of 
the droplets. 

DIFFUSIVITY OF SULFUR 

The diffusivity of S has been experimentally determined in a lunar picritic composition (Apollo 15 
yellow/brown volcanic glass) near its liquidus temperature of 1300°C at 1 atm pressure in a gas mixing furnace 
(CO + CO 2 ) and an oxygen fugacity of 0.5 log-unit below the iron-wustite buffer. Spheres of synthetic mix 
made of reagent grade oxides were suspended on iron-doped Pt-wire loops in the furnace. One droplet was 
quenched after 40 minutes, and the other after 3 hours. Quenching was accomplished by electrically severing 
the Pt-loop and allowing the droplet to fall into a glass beaker of water at the bottom of the vertical furnace 
tube. Nominal oxygen fugacity was maintained during the quench procedure. Since the droplets (a) stopped 
glowing in <<1 second upon contact with the water and (b) contained no quench crystals, the quench is 
presumed to have been effective. The droplets had initial S abundances of 3000 ppm and radii of 500-750 
microns. Linescans of these experimental glasses displayed diffusion profiles from center to edge indicating a 
S diffusivity of 6.6 x 10‘ 8 cm 2 /sec. 

IMPLICATIONS 

There is convincing evidence that S, and other volatile elements [e.g., 6], were lost from these lunar 
picritic magmas during fire fountaining. The experimentally measured diffusivity for S in one of these lunar 
compositions indicates that 61-97% of the original S can be lost from melt droplets (r=80-200 microns) at 
1300°C in five minutes (Figure 2). The size-range of droplets modelled in Figure 2 is similar to that observed 
in suites of lunar volcanic glasses [e.g., 7]. For a melt droplet with a radius of 80 microns (i.e., median radius 
of Apollo 17 volcanic orange glasses from 74220 [7]), Figure 3 shows that 82-97% of the original S is 
diffusively lost from the 160-micron diameter spherule within a period of 2 and 5 minutes. 
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Questions remain. For example, could droplets of picritic magma have remained at liquidus 
temperatures for a few minutes during fire fountaining? It should be kept in mind that the "free-flight" (i.e., 
radiative) cooling rate of an 80-micron melt droplet in a vacuum is about 1100°C/sec [7], and that the critical 
cooling rates (i.e., the cooling rate below which crystals nucleate and grow) of lunar picritic compositions are 
between l-100°C/sec [e.g., 7]. Reconciling these experimental and observational constraints may require the 
following speculative view. A hot (i.e., near-liquidus temperature), turbulent plume of volcanic gas caused a 
mist of melt droplets to be suspended for periods of up to several minutes that resulted in the diffusive loss of 
S, and other volatile elements. Rapid cooling (i.e., greater than the critical cooling rate) to a glass occurred 
when the droplets travelled outside the plume. Based on experimental and textural criteria, Arndt and von 
Engelhardt [7] have previously demonstrated the requirement for a "a large mass of hot gas and/or a dense 
cloud of heat-radiating droplets. 

REFERENCES: [1] Delano (1986) PLPSC 16, p. 201-213. [2] Butler and Meyer (1976) PLSC 7, p. 1561-1581. [3] Gibson and Andrawes 
(1978) PLPSC 9, p. 2011-2017. [4] Gibson et al. (1977) PLSC 8, p. 1417-1428. [5] Fogel and Rutherford (1992) LPS-XXIII, p. 377-378. [6] 
Meyer et al. (1975) PLSC 6, p. 1673-1699. [7] Arndt and von Engelhardt (1987) PLPSC 17, p.372-376. 



Figure 1. Sulfur abundances in mare basalts (*) 
and picritic volcanic glasses (o). 



Figure 2. Radial concentration gradients caused 
by diffusive loss of S from droplets of various sizes 
in 5 minutes at 1300°C (initial S=3000 ppm). 


Table 1. Sulfur abundances in 14 varieties of picritic glass. 

S (ppm) 


glass type 

column #[1] 

observed range 

mean 

it analyses 

Apollo 15 green 

1,2,4-6 

104 - 290 

190 

44 

Apollo 14 green B 

7 

219-311 

280 

3 

Apollo 14 VLT 

8 

322-391 

360 

4 

Apollo 17 VLT 

10 

150-325 

250 

40 

Apollo 14 green A 

12 

138-196 

170 

3 

Apollo 15 yellow 

13 

288 - 403 

350 

2 

Apollo 17 yellow 

15 

253 - 288 

270 

3 

Apollo 17 orange I 

16 

184-196 

190 

4 

Apollo 17(74220) 

17 

116-288 

210 

24 

Apollo 17 orange II 

19 

242-415 

340 

15 

Apollo 14 orange 

21 

(308) 

(308) 

1 only 

Apollo 15 red 

22 

449-518 

490 

4 

Apollo 14 red/black 

24 

433 -638 

540 

2 

Apollo 12 red 

25 

285 - 467 

390 

7 



Figure 3. Radial concentration gradients caused 
by diffusive loss of S from a 160um diameter droplet 
at 1300°C in 2,3, and 5 minutes (initial S = 3000 ppm). 
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THE FRETTED TERRAIN OF THE NILOSYRTIS MENSAE REGION OF 
MARS: CLUES TO THE TIMING OF DICHOTOMY FORMATION AND THE 
EMPLACEMENT OF THE NORTHERN PLAINS; Jeff E. DeTroye, Mail Code AC, 
Johnson Space Center, Houston, TX 77058 and Steven H. Williams, Department of Space 
Studies, University of North Dakota, Grand Forks, ND 58202 . 

Geologic mapping of the fretted terrain of the Nilosyrtis Mensae region of Mars has 
revealed geomorphic evidence that the breakup of the plateau units to the south of Nilosyrtis 
occurred well before the plains units to the north were emplaced in late Hesperian time. The 
plains units were deposited against the fretted terrain, which has undergone some modification by 
mass wasting but not significant backwasting. The morphology observed at the contact between 
plains and the fretted terrain is consistent with that expected where the edge of a pile of 
sedimentary debris has undergone mass wasting and other erosion. 

The Nilosyrtis Mensae region of Mars provides morphologic clues to the timing of two 
important events in martian geological history: the formation of the martian global crustal 
dichotomy and the emplacement of the northern plains. A preliminary geologic map at 1:500,000 
scale of MTM quadrangle 35297, covering a box between latitudes 32.5 to 37.5° and longitudes 
295 to 300°, was prepared to facilitate understanding of the sequence of geological events 
associated with the dichotomy boundary. 

Hie plains units to the north of the Nilosyrtis Mensae are mapped by Greeley and Guest as 
HNu, undifferentiated materials of Noachian/Hesperian age [1]. The plains in the study quad 
more closely resemble the unit Hvk in [1], knobby plains of Hesperian age, part of the Vastitas 
Borealis formation. The plains are of late Hesperian age as determined from their N(5) crater 
population [1,2]. An additional age constraint is that the plains contain what are probably 
secondary craters from the Lyot impact basin [2], of early Amazonian age [3]. The nature and 
timing of dichotomy formation and plains emplacement places significant constraints on models of 
both internal and external processes (see [4, 5] for review). Questions addressed in this study 
include: When did the breakup of the plateau units on the dichotomy boundary into the fretted 
terrain occur? and: Has there been any appreciable retreat southward of the dichotomy boundary? 

The portion of the contact between the Hvk plains and the fretted terrain contained within 
the study area is shown in Figure 1. There are several craters whose morphology indicates 
emplacement after the formation of the local mesas by the breakup of the plateau. Yet these craters 
clearly predate the emplacement of the Hvk; at one location (figure 1), a crater lies astride the 
contact between the Hvk plains, which bury its ejecta, and the mesas, upon which ejecta and 
scour are still visible. No similar craters can be found on the adjacent Hvk plains; presumably all 
such craters that were there were buried as thoroughly as was die ejecta blanket of the crater the 
plains partially bury (Figure 1). The plateau units to the south contain approximately the same 
distribution of younger craters. Unfortunately, the area in question and die number of craters 
involved are too small for accurate statistics, however, it is not likely that a geologically-short 
amount of time transpired between the formation of the frets and the emplacement of the Hvk 
plains because there are many craters of the 10-15 km size superimposed on top if the frets and 
none on the Hvk plains. Some mass wasting has occurred relatively recently on the mesas, as 
evidenced by the obliteration of ejecta that must have been plastered on their sides during 
emplacement (Figure 1), but there is little evidence that the fretted terrain has undergone much 
further erosion since the craters on them were formed. If backwasting occurred after plains 
emplacement, a similar population of craters would be expected for both the plains and the fretted 
terrain. 

The edge of the Hvk plains at the point where the partially-buried crater is covered is fairly 
thick, on the order of hundreds of meters or more (Figure 1). If the fretted terrain to the south 
was fully developed when the Hvk plains were emplaced, then the observed thickness of the 
plains reflects the original thickness of the deposit; as there would have been no barrier to act as a 
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margin for the plains units and there is a relatively steep southward facing scarp at the contact So 
it is likely that the plains margin was formed primarily by a single deposit rather than several thin 
units being emplaced with them all stopping at the same location without further overrunning the 
partially buried crater. 


REFERENCES: 
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1991, LPI Summer Intern abstract. [3] Tanaka, K.L., 1986, Journal of Geophysical Research, 
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Figure 1. Shown is a section of martian fretted terrain in the Nilosyrtis Mensae area that lies 
between the Hvk unit of the northern plains assemblage and the Noachian age plateau units to the 
south. One crater (dark arrow) is partially overridden by the plains; its ejecta is partially covered 
by plains materials yet its rim allowed little, if any, material to flow into the crater directly. 
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HIGH-TEMPERATURE VAPORIZATION OF OLIVINE AND SERPENTINE. Yu.P. Dikov 1 , 

O.I. Yakovlev , M.V. Gerasimov*, F. Wlotzka^. Russian Academy of Sciences: 1- Institute of Ore Deposits, 
Petrography, Mineralogy and Geochemistry; 2- Vernadsky Institute of Geochem. and Analytical Chemistry; 
3- Space Research Institute; Moscow, Russia; and 4- Max-Planck-Institut fiir Chemie, Mainz, Germany. 

Olivine and serpentine are the main ultramafic minerals which can represent the material of 
planetesimals impacting the growing Earth during the period of accretion. The transformation in chemical 
composition and structure of this material during impact processes and particularly during impact 
vaporization can result in global evolutionary trends during planetary growth. In order to simulate and study 
this process, we used a powerful laser beam focussed on olivine or serpentine samples (experimental setup 
and conditions are given below). The resulting vapor condensate was collected and analysed by XPS. The 
main result of our experiments is a noteable enrichment of Si compared to Fe and Mg in the condensates 
(the (Mg+Fe) / Si ratio beeing close to 1 instead of 2, as in the starting material), that is a transformation 
of ultramafic silicates (olivine and serpentine) to mafic silicates (pyroxene) in the process of high- 
temperature evaporation-condensation. On a global scale of planetary formation it can be interpreted as a 
possible mechanism for transformation of ultramafic planetesimal matter into mafic (basaltic) material by 
impact vaporization and condensation processes. 

Experimental conditions [1,2]: In two series of experiments samples of olivine or serpentine were placed 
in a hermetic cell and a beam of a powerful Nd-glass laser was focused through an optical window on their 
surfaces (~ 3 mm in diameter). The cell was filled either with helium or with air at room temperature and 
atmospheric pressure. Parameters of the laser pulse were: luminous energy -600 J, density of luminosity ~ 
5.10 6 W/cm2, pulse duration - 10' s. The temperature of vaporization was estimated as -4000 K. At a 
distance of -5 cm from the sample a Ni-foil was mounted to collect products of condensation from a vapor 
cloud. Analyses of initial samples and of condensed films were performed using X-ray photoelectron 
spectroscopy (XPS), Condensed films were etched layer by layer (with a step of 200 A) by a beam of argon 
ions and for every layer XPS analysis was performed providing an information of the cross-section of the 
film. XPS analyses gave both elemental chemical composition of the condensate and the distribution of 
elements between different phases (Tables 1 and 2). 

A comparison of the cumulative composition of condensed films with the initial olivine shows that the 
condensates are enriched in Si and depleted in Mg and Fe. There is no significant difference in the 
structure of layers and bulk composition of condensed films precipitated in helium or in air. It is important 
that in both sets of experiments with olivine the molecular ratio of (Mg + Fe)/Si is between 1 and 1.13, i.e. 
the olivine condensates have a pyroxene type composition . Iron is also lower in the condensates than in the 
initial olivine and in recalculation to pyroxene corresponds to En 93-95. This indicates the shift of 
condensate composition during evaporation of olivine towards enstatite. These data do not confirm 
conclusions of other authors [3,4,5,6] who found a congruent evaporation of forsterite, but they agree with 
daja by Sata et al. [7]. Condensed films contain noticeable quantities of reduced forms of Si and Mg (Si^ + , 
Si , Mg u ), demonstrating redox processes inside the vapor cloud [8]. However, a realatively constant ratio of 
(Mg+Fe)/Si is obtained, when we consider all phases of Mg and Si, including reduced, non-silicate and 
silicate phases. This observation shows that volatilization of elements from a high-temperature melt 
probably occurs in form of molecular clusters having the observed ratio of Mg, Fe and Si. Redistribution of 
elements between different phases occurs in the hot spreading vapor cloud. 

Experiments with serpentine resulted also in enrichment of Si and depletion of Mg in condensates similar 
to the experiments with olivine. Again the ratio of Mg/Si in the condensates is close to 1, showing the shift 
in condensate composition towards pyroxene. The concentration of water in the condensate calculated from 
the concentration of hydroxide is 14,4 mol%, that is only half of the concentration in the initial serpentine 
(28,5 mol%). The amount of trapped water increases from the bottom to the upper layers of the condensed 
film. No reduced Si and Mg was observed in contrast to the experiments with olivine. This effect is due to 
the oxidative role of water inside the vapor cloud [9]. 
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There is a certain difference in the structural state of elements in condensed films for olivine and 
serpentine. About half of the Mg in the olivine condensate is present as oxide (MgO), whereas in the 
serpentine condensate MgO is absent and 1/3 of magnesium is present as Mg(OH) 2 - The silicate structure 
of the olivine condensate is characterized by the absence of isolated silicon-oxygen tetrahedra and their 
polymerization to chain and framework structures, that is a total loss of the initial olivine structure and its 
transformation towards a pyroxene type structure has taken place. In the case of serpentine, the condensate 
contains layered silicates mixed with isolated silicon-oxygen tetrahedra. 

REFERENCES: [1] M.V.Gerasimov, et al. (1985) Vestnic Academii Nauk USSR 9,10-25 (in Russian). 

[2] M.V.Gerasimov et al. (1992) LPSC XXIII, 407. [3] B.O.Mysen, J.Kushiro (1988) Amer. Miner. 73, 1-19. 
[4] H.Nagahara et al. (1988) Nature 331, 516-517. [5] A.Hashimoto (1990) Nature 347, 53-55. 

[6] J.D.Kubicki, E.M.Stolper (1993) LPSC XXIV, 829-830. [7] T.Sata et al. (1978) Rev. Houtes. Refract., Fr., 
15, 237-248. [8] O.I.Yakovlev et al. (1992) Geokhimiya 12,1359-1370 (in Russian). 

[9] M.V.Gerasimov et al. (1993) LPSC XXIV, 527-528. 

TABLES: Chemical composition and phase distribution (in at.X) in different layers of condensed films 
from evaporation experiment of olivine in helium (Table 1) and serpentine in air (Table 2). 


Table 1. Olivine condensate 
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Table 2. Serpentine condensate 
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1 
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4.8 
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12.5 
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1 
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5.7 
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Bulk | 15.6 | 17.6 


54.3 | 11.2 | 1.13 


Note: isol = isolated; fw = framework; silic = silicate; n.s. = non-silicate; nbr - non-bridging; 
br = bridging; 
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GEOLOGIC HISTORY OF THE THAUMASIA REGION OF MARS; James M. Dohm and 
Kenneth L. Tanaka, U.S. Geological Survey, 2255 N. Gemini Dr., Flagstaff, AZ 86001 

Introduction. Preliminary geologic mapping of the Thaumasia region (lat 15° to 50° S., long 55° to 
115°) at 1:5,000,000 scale shows the temporal and spatial relations of a wide array of materials and 
structures, including those of early development of the Tharsis region [1,2]. The Thaumasia region 
(Figure 1) is dominated by the Thaumasia plateau, which includes the high plains of Syria, Sinai, Solis, 
and Thaumasia (provisionally named) Plana and the surrounding Thaumasia highlands that are 
fractured by Thaumasia, Claritas, Coracis, Melas, and Nectaris Fossae [3], Our mapping methods are 
similar to those developed for unraveling the stratigraphic and structural histories of the Tempe Terra 
[4], Ulysses Patera [4], Alba Patera [5], and Syria Planum [6] regions of Mars. Thus far, we have 
identified more than two dozen geologic units and at least six fault stages, which, along with 
physiography, characterize eleven distinct geologic provinces (Fig. 1, Table 1). The extensive structural 
deformation of the map region occurred mainly throughout Noachian and Early Hesperian time [6,7,8], It 
produced small and large extensional and compressional structures [8,9] that resulted from stresses 
related to Tharsis [1,2,6,10,11,12] and Valles Marineris [8]; from the Argyre impact [3]; and from local 
intrusions and uplifts [6,13], Subsequent deformation in the Thaumasia region consisted mainly of the 
formation and reactivation of extensional structures radial to the Tharsis Montes volcanoes. 



Figure 1. Geologic/physiographic provinces of Thaumasia region (see Table 1 for description). Edge 
of Thaumasia plateau shown by stippled line. 
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Table 1. Characteristics of geologic/physiographic provinces of the Thaumasia region of Mars. 


Province/type 


Features {interpretation! and relative age 


A. Valles Marineris/canyons 

B. East of Coprates/ridged 
plains 

C. Coprates/ridge belt 


D. Thaumasia Planum/older 
ridged plains 

E. Sinai/younger ridged 
plains 


F.Syria-Solis/lava plains 


Rifting and collapse structures {broad uplift and extension}. Noachlan 
Early Hesperian 

Wrinkle ridges {compression}. Early Hesperian 


Broad ridges {lithospheric folds [14,15]}, tilted rock layers [14,16,17] {cuestas 
and hogbacks caused by tectonic tilting and differential erosion}, and wrinkle 
ridges {compression}; small (£10 km wide) and large grabens and large 
faults; trough-like depressions {collapse structures}; large valleys and 
valley networks {fluvial erosion/sapping; some related to volcanotectonic 
activity}; mountains {volcanoes}. Noachian-Early Hesperian 

Wrinkle ridges; small grabens. Late Noachian - Early Hesperian 


Wrinkle ridges; small grabens cut a few older areas. Mostly Early 
Hesperian 

Lava flows; small grabens. Late Hesperian - Amazonian 


G.Thaumasia highlands/ 
highly deformed highlands 


H.Daedalia/young lava 
plains 


I.Daedalia southeast/ 
smooth plains 


Small and large grabens, large faults, and intersecting dense 
concentrations of grabens {local uplift}; broad ridges {lithospheric folds [9]} 
and tilted rock layers {cuestas and hogbacks} along edge of Thaumasia 
plateau; mountains {volcanoes or basement complexes} and featureless 
plains {volcanic and sedimentary deposits}; valley networks and large valley 
forms {fluvial erosion/sapping; some related to volcanotectonic activity}. 
Noachian - Early Hesperian 

Lava flows; plateaus {high-standing outcrops of older materials} and 
mountains {volcanoes or basement complexes}; small grabens. Mostly Late 
Hesperian - Amazonian 

Featureless plains {volcanic flows}; small grabens; wrinkle ridges. 
Hesperian 


J.Sirenum/faulted Small grabens; large scarps {normal faults}; valley networks {fluvial 

highlands and plains erosion/sapping}; mountains {volcanoes}. Noachian - Early Hesperian 


K.Argyre/impact-modified Featureless plains {many within topographic lows formed by impact}; 

highlands mountains and plateaus {uplifted blocks; impact-related}; large scarps 

{normal faults; impact-related}; small grabens; valley networks {fluvial 
erosion/sapping; some related to Lowell impact}; large ridges {folds} and 
wrinkle ridges near edge of Thaumasia plateau. Noachian - Early Hesperian 


References cited. [1] Frey, H., 1979, JGR 84, 1009-1023. [2] Plesda, J.B., and Saunders, R.S., 1982, JGR 87, 9775-9791. [3] 
Scott, D.H., and Tanaka, K.L, 1986, USGS Map 1-1802-A. [4] Scott, D.H., and Dohm, J.M., 1990, PLPSC 20, 503-513. [5] Tanaka, 
K.L., 1990, PLPSC 20, 515-523. [6] Tanaka, K.L., and Davis, P.A., 1988, JGR 93, 14,893-14,917. [7] Scott, D.H., and Dohm, J.M., 
1990, PLPSC 20, 487-501. [8] Tanaka, K.L., and Dohm, J.M., 1993, LPSC24 Abs., 1399-1400. [9] Tanaka, K.L,, and Schultz, R.A., 
1993, LPSC 24 Abs., 1401-1402. [10] Wise, D.U. et al., 1979, Icarus 38, 456-472. [11] Banerdt, W.B. et a!., 1982, JGR 87, 9723- 
9733. [12] Banerdt, W.B. et al., 1992, in Mars, H.H Kieffer et al., eds, Univ. Ariz. Press, ch. 8. [13] Tanaka K.L, and Dohm, J.M., 
1989, LPI Tech Rept. 89-04, 79-81. [14] Watters, T.T., 1987, NASA TM 89810, 481-483. [15] Tanaka, K.L., and Schultz, R.A., 1991, 
LPSC 22 Abs., 1379-1380. [16] Plescia, J.B. et al., 1980, NASA TM 81776, 68-70. [17] Saunders, R.S. et al., 1980, NASA TM 81776 , 
74-76. 
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MAGNETIC FIELD IN THE PROTOSUN AND PROTOSTARS VICINITIES 

A. Z. Dolginov, Lunar and Planetary Institute, 3600 Bay Area Blvd., Houston, TX 77058 

Summary: It is shown that the proper magnetic field of the protostar that penetrates in the gaseous nebulae 
( or disk) embracing the star may be strongly increased by turbulent motions and differential motions in 
the star vicinity. For a star of the solar type the field may increase to the value 0.1 - 1 G in a few yrs at 
the distance of 10 stellar radius. This field may determine the accretion process, the possible collimation of 
the stellar wind blowing from the star polar regions, magnetic torque in the nebula, and magnetization of 
meteor bodies if their trajectories intersect regions with large field values. 

Introduction: The process of accretion of matter from the protostar ( protosun) nebula onto the star 
determines the star formation and is of great importance for the planet formation. In most cases the accretion 
disk is formed around the protostar. Apparently in some cases the accretion takes part in equatorial regions 
when the stellar wind is blowing from polar regions. The matter of the disk in the star vicinity is strongly 
ionized by the star radiation. Accretion of ionized substances, the stellar wind, and angular momentum 
transfer from the star to the disk are influenced by magnetic fields if such fields exist in the star vicinity. 
The proper magnetic field of the star in the star vicinity is a poloidal field ( dipole in many cases). The field 
has quite a different structure if the ionized medium exists around the star. Only the dipole field, if any, 
has been considered in the literature as an important factor for accretion [1]. We will show that the field 
near the star not only has poloidal but also toroidal components and this field may be strongly amplified by 
differential rotation and turbulent motions in the matter around the star. 

Dynamo action : Consider field B in the star vicinity as a field that arises by the plasma motions in the 
presence of an external field that is the proper dipole field Bo of the star. Field B is determined by the well 
known dynamo equation 


—— V x (aB -f v x B) — D m V 2 B = VxvxB 0 (1) 

where (eB + v x B) is the electromotive force created by turbulent motion and differential rotation (aw 
dynamo), v = u(r) x r = e^y/GM/r is the local Keplerian velocity, a & (r c /3)(u< * V x u £ ), where u t is 
the turbulent velocity, and (...) determine the averaging over the turbulent motions. We use the simplest 
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model a = a o sin0 and o 0 « The field of the star B 0 = (,r/r 3 )(3ncos0 - n 0 ), where p is the star 
magnetic moment and n = r/r. Magnetic diffusivity D m = u<A(/3 is assumed due to turbulent motion with 
the average velocity Ui and average correlation length A<. For estimations we will take Z?(V B ~ B/t, and 
(V x B)^ ~ ( Bg/L r ) - (Br/Le), etc., where r = L 2 /D, and L, is the characteristic space scale of the field 
in the i-th direction. This assumption retains the structure of equation (1). The scales of B are apparently 
larger than scales of Bq but not larger than scales of a and u> (2]. In this approximation 


B * = + - *>■ Q * = 




- (^-) 2 ]sm 2 0 - cos 2 0 - + u>(^- - y^-)] sin 0 cos 9} 

v dr r 2 r Or or L r 


n QvT r 2 + Ar /At —2 x 

B » - rrfc5<-2ir exp( —''> 


(t » t) 


The field increases if At > 2 that corresponds to criteria of the dynamo action. The radial component 
B r differs from (2) by an additional factor (2ar/r) sin# and B a by a factor 2r(3»/3r) cosQ. The common 
dynamo without the external field gives B r and B e much smaller than B v . In our case all components of 
the field may be of the same order of magnitude in the star vicinity. 

Qualitative estimatioms : Using the common accepted estimations [1] we will take u ( ~ 10 4 cm/s, a ~ 10 3 
cm/s, A ~ 10 11 cm, M ~ M 0 = 2 • 10 33 g, n ~ hq ~ 2 • 10 33 . Consider a region at the distance r ss 10 12 cm 
from the star. In this case D, - 3 • 10 14 cm 2 /s, r = 100 yr. A is a function of r and 0 and depends on the 
uncertain known values of a(r,0). As a rough estimation we can take A ~ 2^/aw/r. At the distance 10 12 
cm we have Ar >> 2, and B v ~ 10 -3 exp(i/T e// ). Similar estimations for the distance r = 10 13 cm give 
B v ~ 10~ 7 exp(</r e yy), where r e // is about a few years. We can see that the field in the ionized medium 
in the star vicinity will grow to the value of about 0.1 - 1 G both for toroidal and poloidal components in a 
relatively short time of about 10 - 100 yrs. The field increase stops by nonlinear effects. This field may be 
of great importance for the protostar (protosun) and protoplanetary system evolution. 

References: [1], Formation & Evolution of Planet. Syst, ed. H. Weaver, L. Danly Cambridge Untv. Press. 
[2], T. Stepinski, E. Levy, (1991) Ap.J. 379, 3J3. 
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SOIL TEXTURE AT THE LUNAR SURFACE : REGIONAL ANALYSIS WITH 
POLARIMETRIC IMAGES; A. Dollfus, Observatoire de Paris, 92195 Meudon Cedex, 
France. 


Images of the Moon are taken with 
CCD detectors through polarizer 
transmitting alternatively the linear 
polarizations perpendicular and 
parallel to the scattering plane. 
These images (Ii and I 2 respectively) 
are combined to produce images with 
the polarized light only. The 
combination CI1—I 2 )/(Ii+l 2 ) displays 
the degree of linear polarization over 
the lunar surface (Stokes parameter 
Q/I) which is an inverse image of the 
albedo plus additional departures 
produced by the texture at the lunar 
surface. These departures can be 
separated from the albedo by forming 
the image (I 1 -I 2 ) which displays the 
Stokes parameter Q, in which the 
terrains are contrasted as a response 
to their surface properties only 
[1,2,3,4]. An image Q is essentially 
sensitive to grain size, slightly to 
compaction, and to large scale 
roughness (shadow effect on the 
luminence) depending of the phase 
angle. Models and laboratory works are 
available to decipher these 
contributions, for polarization [3,5] 
and for photometry [6,7]. Other 
combinations of images, such as 
(Q/I-aQ) or (I-aQ) enable, when 
optimizing the coefficient a, to 
enhance different types of terrains 
within the field of view. These 
results are related to the episods of 
emplacement, surfacing and time 
evolution of the terrains. 

Observations have been collected 
and processed, using the 100cm 
telescope at Meudon Observatory, over 
25 lunar regions, some of them at 
different phase angles. New features 
are exhibited at the lunar surface, 
helping for deciphering the 
statigraphic and geological histories 
of the areas. Examples for Mare 
Undarum, Messier and PI ini us have 
already been presented [4]. 
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Fig. 1 refers to the vicinity of 
crater Plato, illuminated under 
incidence 63 5 at phase angle 31.5° on 
Dec. 20, 1988. The image Q shows the 
areas dark hued when the terrain is 
fine grained or rough, and light hued 
for coarser pieces on flat surfaces. 
The Plato floor has two types of 
surface textures and the inner rempart 
appears dark downhill, suggesting 
landslides. The image (I-12xQ), which 
combines albedo and surface texture, 
exhibits complex dark areas in Mare 
Imbrium (at bottom left), featuring 
specific soil properties and 
suggesting a multi-episods surfacing 
history. 

Fig. 2 shows Ptolemaeus at phase 
angle 72.1° and illumination angle 
69.1°, on Jan. 2, 1993. Image Q 

exhibits a bright aureola round crater 
A, requiring larger grains or a 
smoother surface. Its extension toward 
upper left is strengthened in the 
image (Q/I-2xQ) and suggests a flow. 
(Such kinds of features are also 
observed in Schickard, Copernicus, 
Cyrillus). The contrast enhanced 
version of this image identifies at 
least 4 types of surfaces within 
Ptolemaeus. 

REFERENCES 
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THE ROLE OF HAPKE’S BIDIRECTIONAL SURFACE REFLECTION MODEL 
IN DETERMINING ATMOSPHERIC ABUNDANCES AT MERCURY; D. L. Domingue 
(LPI), A. L. Sprague, D. M. Hunten (LPL) 

This project investigates how knowledge of Mercury's surface 
reflection characteristics, as modeled using Hapke's theory 
[1,2,3], are used in the analysis of atmospheric emissions and 
how uncertainties in the values of the Hapke model parameters 
affect the interpretation of column abundance in the atmosphere 
of Mercury. The modeling of surface reflection is used in the 
reduction of observed emission spectra, in addition to the 
derivation of column abundances. 

Atmospheric spectral measurements at Mercury are made by 
recording line emissions, typically on a CCD. The data numbers 
representing incident photons must then be translated in to 
radiance values. Thus a conversion or calibration factor is 
needed. If no calibration source is observed along with Mercury, 
then the surface of Mercury can be used as the calibration 
standard. Using Hapke's model, the radiance of Mercury within 
the continuum of a spectrum is calculated. The calculated 
brightness of Mercury is then "smeared" to various observing 
conditions and compared to the observed continuum. Comparisons 
made between the theoretically derived continuum and the observed 
continuum determine the amount of smearing in the observation in 
addition to providing the reflectance (Rr) used in calculating 
the calibration factor. 

Veverka et al. [4] found two sets of values for the six 
Hapke parameters describing the disk-integrated brightness of 
Mercury using the whole disk observations of Danjon [5,6]. Thus, 
for a specific phase angle, the disk-integrated brightness of 
Mercury's whole disk can be calculated. If Mercury is observed 
using a CCD array then the disk-integrated brightness of the 
planet can be measured by summing DN over the entire disk of 
Mercury. Comparisons between the theoretically calculated 
radiance and the observationally measured DN provides a 
calibration factor. This method of calibration compares 
theoretical disk-integrated brightness (based on Danjon's 
observations) with observed disk-integrated brightness. Even 
though ground-based telescopic observations have some degree of 
smearing, if the total light from the disk is compared to the 
total reflected light calculated from the model, this method of 
calibration is valid. 

However, if Mercury is observed using a slit spectrograph 
different considerations must be taken into account. A slit 
across Mercury measures the continuum over a portion of Mercury's 
surface rather than the whole disk simultaneously. A comparison 
of DN from a portion of the surface are then compared to Rr's 
generated from whole disk measurements. Using these sets of 
Hapke parameters assumes that disk-resolved portions of Mercury's 
surface reflect light equivalently to the whole disk. This 
assumption is not necessarily valid and therefore needs to be 
tested. 
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HAPKE'S BIDIRECTIONAL SURFACE REFLECTION MODEL: Domingue D.L. et al. 

Theoretical Mercurian surfaces were created for 110° solar 
phase angle using Veverka et al.' s [4] solution 1 and solution 2 
Hapke parameters where the parameter B 0 was set to 1.0 for both 

solutions. These surfaces were then smeared to 0.3, 1.0 and 2.0 
arcseconds radius of a seeing Gaussian, which correspond to smear 
factors typical of spacecraft, good ground-based telescopic, and 
worse-case, ground-based telescopic observations, respectively. 
Calibration factors were calculated for these surfaces using a 
north-south slit offset by 2 arcseconds from the sub-Earth 
meridian across the illuminated crescent. At 0.3 arcsecond smear 
there was a 6.5 % difference between the calibration factors of 
the solution 1 versus solution 2 surfaces. At 1.0 and 2.0 
arcsecond smear the differences in the calibration factors were 2 
and 3 percent, respectively. 

Once the observations have been calibrated, the emission 
lines are examined. Emission due to the excitation of 
atmospheric atoms can be divided into two components, the 
emission due to incident solar flux and the emission due to 
surface reflected light. Using a complete frequency distribution 
atmospheric model that accounts for surface reflection and self 
absorption [7], we calculate atmospheric I/F values using 
solution 1 and solution 2 surfaces in the calculation. 
Atmospheric values were generated for r = 1.0 and t = 0.1, both 
are reasonable values for Na and K at Mercury. The percent of 
difference in column abundances is less than 1% for all smear 
factors. Thus the total uncertainties in calculated column 
abundances for this particular phase angle is less than 7% 
between solution 1 and solution 2 Hapke parameters, well within 
observational uncertainties for ground-based observations. 

[1] Hapke, B. (1981) JGR, 68, 4571. 

[2] Hapke, B. (1984) Icarus, 59, 41. 

[3] Hapke, B. (1986) Icarus, 67, 264. 

[4] Veverka et al. (1988) Mercury, U. of Arizona Press, 37. 

[5] Danjon, A. (1933) Ann. Obs. Strasbourg , 2, 170. 

[6] Danjon, A. (1949) Bull. Astron. J. , 14, 315. 

[7] Hunten, D.M. and Wallace, L. (1993) Astrophys. J. , 417, 
757 . 
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A SEARCH FOR FURTHER CONCENTRATIONS OF ORGANIC MATERIALS IN 
EET A79001; C.Douglas, I.P.Wright, and C.T.Pillinger, Planetary Sciences Unit, The Open 
University, Walton Hall, Milton Keynes, MK7 6AA, England. M.M.Grady, The Natural 
History Museum, Cromwell Road, London SW7 5BD, England. 

EET A79001, an SNC meteorite believed to be of martian origin, is an unusual sample 
containing an igneous contact between two distinct lithologies: both are maskelynite-bearing 
feldspathic pyroxenites, one medium grained (lithology A) and the other coarser grained 
(lithology B). A third material is also present, generally referred to as lithology C [1], which 
consists of vugs and shock-melted glassy veins and is found throughout the meteorite. 
EET A79001 also contains numerous salts such as carbonates [1], sulphates and phosphates [2] 
and possibly nitrates [3]. The origin of these materials is the subject of continued research. 
Previous studies have also suggested an association of these salts with carbonaceous material 
burning at low temperatures presumed to be organic in nature [4, 5]. Herein we report further 
data concerning the lithology C assemblages. 

Wright et al. [4] reported the presence of what were believed to be organic materials in 
EET A79001, sub-sample 239 (hereinafter 239). This material accompanied the calcium 
carbonate component known as "white druse" [1] found at a lithology A/C contact. Using 
stepped combustion, Wright et al. [5] found that 4682 ppm carbon was released from 239 
between 200-700°C. The isotopic composition rose from 8 13 C ca. -26.6%o at 200°C to +8.9%o 
at 600°C, before decreasing again to lighter values at higher temperatures. The profile was 
interpreted as a mixing of two components: (i) an isotopically light component (870-1540 ppm, 
gl3c ~-30%c), combusting between 200 and 650°C; this temperature interval is consistent with 
the identification of organic materials and (ii) a carbonate (5 13 C~+12%o) which decrepitated 
between 450 and 700°C. Since 239 was taken from deep within the meteorite, it is reasonable to 
assume minimal levels of terrestrial biogenic contamination. Indeed compared to 239, a sample 
from the surrounding lithology A was found to release more than an order of magnitude less 
carbon during combustion at temperatures up to 650°C. Furthermore, a sample of band-saw 
fines also from EETA79001, which has obviously suffered from extreme levels of 
contamination, contained only 1000 ppm carbon [6]. Nevertheless, the isotopic composition of 
the low temperature carbonaceous material in 239 is consistent with that of terrestrial organics, 
therefore a pre-terrestrial origin cannot be guaranteed. 

Unfortunately, further analyses of 239 were not possible since the entire sample (5.35mg) 
was consumed [5]. Subsequently, more druse materials have been discovered in EET A79001 
as pockets within lithology A. One such sample, EET A79001,323 (hereinafter 323), a whole- 
rock chip from lithology A which has been analysed by high resolution stepped combustion in 
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the current study. The sample 323 was found to have a total carbon concentration of 1888 ppm, 
with an average 8^C of -12.4%©. The analysis revealed that 323, like 239, contained a large 
proportion of carbon that combusted at a low temperature (<650°C). Unlike 239, the two 
isotopically distinct components were partially resolved, as a result of the smaller temperature 
increments utilised in the experiment. Carbonate accounted for 850 ppm of the total carbon 
released, and reached a maximum 8 13 C of +7.2%© at 550-575°C. As this value was not 
maintained across several temperature steps, it can be assumed that the true isotopic composition 
of the carbonate is actually higher. The lower temperature component (T<550°C) accounted for 
~ 990ppm calculated using an end-member 8 13 C ca. -28.6%©. There are two possibilities for the 
nature and origin of the low temperature component: (i) Either the carbon is preterrestrial in 
origin or (ii) the carbon is a mixture of weathering products and organic contamination which 
has found its way deep within the sample along microfractures and between grains. The salt 
deposits do not appear to be distributed in boundary sites. An argument for the carbon 
components of 239 and 323 being of terrestrial origin is that both samples contained a highly 
labile 5 13 C-enriched component, released below 200°C. This accounted for 10-15 ppm carbon in 
323 and 60-70 ppm in 239, assuming a 8 13 C of between 0 and -5%©. Components of this nature 
have appeared before in the analysis of many Antarctic meteorites. Another sample which 
contains large amounts of carbon released at low temperature is LEW 88516, which has three 
low temperature carbon components [7], one of which looks identical to the very low 
temperature carbon released during the analysis of 323. From isotopic considerations, the very 
low temperature carbon cannot be simply adsorbed air 

If the carbonaceous components in 239 and 323 are truly martian organics, the implications 
for our understanding of Mars are immense. They may enable us to learn a great deal about the 
processes on Mars, both past and present, and perhaps even give clues to the origin of life. In 
order to ascertain that these materials are indeed martian organics further analysis is required, for 
example content would help to discriminate between terrestrial and preterrestrial organics. 
One such measurement of in salts from EET A79001 already exists, but the material 
analysed was collected from both the surface and the interior of the meteorite [8]. Weathering on 
the exterior of the sample may have produced terrestrial salts, which have a demonstrably 
different origin from the salts deep within the meteorite. Gas-chromatography-mass 
spectrometry techniques might be used to identify any organic compounds present in the samples 
and help discriminate between terrestrial contamination and other organic materials. 

References : [1] Martinez R. and Gooding J.L. (1986), Antarctic Meteorite Newsletter, 9, 23-29; [2] Gooding J.L. 
et al. (1988), Geochim. Cosmochim. Acta 52, 909-915; [3] Grady M.M. et al. (1993) Lunar.Planet.Sci. XXIV, 
553-554; [4] Wright I.P. et al. (1989), Nature 340, 220-222; [5] Wright I.P. et al. ( mfyGeochim. Cosmochim. 
Acta 52, 917-924; [6] Wright I.P. et al. (1993), J. Geophys. Res. 98, 3477-3482; [7] Wright, I. P. et al. (1993) 
LPSCXXTV 1541-1542; [8] lull AJ.T. etal (1992), Lunar Planet.Sci. XXIII, 641-642. 
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FOUND: STAR AND LINEAR DUNES ON MARS. K. S. Edgett andD. G. Blumberg, 
Department of Geology, Arizona State University, Box 871404, Tempe, AZ 85287-1404. 

Summary: The first star dunes identified on Mars occur at 8.8°S, 270.9°W. Unambiguous 
examples of linear dunes occur in a crater at 59.4°S, 343°W. While rare, dune varieties which 
form in bi- and multi- directional wind regimes are not absent on Mars. The directional 
variations of winds required to create these dunes are influenced by local topographic features. 

Introduction: Linear and star dunes require bi- and multi- directional winds (respectively) 
in which to form. Linear dunes advance by elongation down wind and comprise half of all 
dune surfaces on Earth [1,2], Star dunes cover about 5% of terrestrial dune areas and are 
typically pyramidal in shape with three or four arms radiating from a central peak [3]. Nearly 
all Martian dunes are barchan, barchanoid, transverse, or complex varieties that combine 
aspects of these dune types [4]. Such dunes generally result from unidirectional winds [5]. 
Linear and star dunes are very rare on Mars [6,7]. Incipient linear dunes formed by elongation 
of barchan horns have been observed in the Martian north polar erg [6,8], but sand seas 
composed mainly of linear dunes, as occur in Africa and Australia, do not occur on Mars [4]. 

Martian Star Dunes: The star dunes are shown in Figure 1. They are located in a valley 
created by the junction of two crater rims [7]. There are 11 distinct dunes showing various 
states of radial arm development The dunes also have dark, whispy streaks emanating from 
them. The streaks are oriented toward the south-southeast, consistent with the present 
dominant wind direction [7]. The dark streaks might be evidence that these dunes are active 
under the present climate conditions. The dominant winds in this region flow from the north- 
northwest during southern summer [e.g., 9]. The valley opens out toward the north-northwest, 
thus the valley has probably acted as a funnel, bringing both wind and sand into it. The 
topography of the valley walls provide a local influence on wind conditions, which in turn 
provides the necessary multidirectional regime needed for star dune development. 

Martian Linear Dunes: The linear dunes occur within a 70 km- diameter crater located at 
59.4°S, 343°W (Fig. 2). The crater is in the Hellespontus region, a zone of thick intracrater 
sand accumulation. The entire dune field is about 25 km long, with a second smaller dune field 
occurring to the north-northeast after an ~ 8 km gap (T 2 ). The dunes considered to be linear 
(L) occur in the middle of the main dune field. They originate in a dune mass (M) and grade 
downwind into transverse dunes (Tj). The crater floor is pitted (P) upwind of the dunes, 
peihaps the result of aeolian deflation [7]. 

Discussion: The dunes in Figure 2 are similar to linear dunes in North America which we 
have examined in the field. The first example occurs among the Shifting Sand Dunes of eastern 
Christmas Valley, Oregon [7]; the second is in the Stovepipe Wells dune field of Death Valley, 
California. Four dune types, each characteristic of a different wind regime, are found at 
Stovepipe Wells: star, reversing, transverse, and linear dunes [10]. The occurrence of so many 
dune types in close proximity is attributed to local modification of the wind regime by the 
influence of the valley topography [10]. Local trapping of sediment and channeling of winds 
through gaps or corridors in topographic barriers are probably the main contributors to the 
observed dune morphologies [7]. The settings in which the star and linear dunes in Figures 1 
and 2 occur do not resemble those of the large sand seas in Asia, Africa, and Australia [e.g., 
11]. Instead, these settings are similar to those which contain the large dune forms and small 
sand seas found in North American deserts [12]. 

References: [1] Tsoar, H. (1989) Progr. Phys. Geog., 13, 507-528. [2] Lancaster, N. (1982) Progr. Phys. 
Geog., 6, 476-504. [3] Lancaster, N. (1989) Progr. Phys. Geog., 13, 67-91. [4] Greeley, R., et al. (1992) In Mars 
(H.H. Kieffer et al., Eds.), p. 730-766. Univ. AZ Press. [5] McKee, E.D. (1979) US. Geol. Surv. Prof. Pap. 1052. 
[6] Tsoar, H., et al. (1979) JGR, 84, 8167-8180. [7] Edgett, K.S., and D.G. Blumberg (1994) Star and linear dunes 
on Mars, submitted to Icarus. [8] Lee, P., et al. (1993) Bull. Amer. Astron. Soc., 25, 1038. [9] Greeley, R., et al. 
(1993) JGR, 98, 3183-3196. [10] Blumberg, D.G., and R. Greeley (1993) Summaries 4th Ann. JPL Airborne 
Geoscience Wkshp., AIRSAR Workshop, p. 9-12, JPL Publ. 93-26. [11] Breed, C.S., and T. Grow (1979) In US. 
Geol. Surv. Prof. Pap. 1052. [12] Smith, R.S.U. (1982) In Reference Handbook on the Deserts of North America 
(Gl. Bender, Ed.), p. 481-524, Greenwood Press, Westport, CT. 





342 


LPSCXXV 


MARTIAN STAR AND LINEAR DUNES: Edgett, K. S. and Blumberg, D. G. 




Figure 2. Martian linear dunes in a crater located at 
Figure 1. The star dunes (D). Dominant regional 59.4°S, 343°W. Interpreted wind flows are 

winds are indicated by arrow. Portion of Viking indicated by arrows. Mosaic of Viking images 753B 

image 755A 19. 30 and 32. 
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SUGGESTIONS FOR INTERACTION BETWEEN SCIENTISTS, K-12 
STUDENTS AND EDUCATORS: MARS EDUCATION PROGRAM IN ARIZONA. 

K. S. Edgett, P. R. Christensen, and S. Schmidt, Department of Geology, Arizona State 
University, Box 871404, Tempe, Arizona 85287-1404. 

Summary: We have developed a science education outreach program based on the 
concept of sharing and interaction between a science research team, K-12 students, and their 
teachers. Student and teacher exposure to scientists and research offers them insight into how 
science is done and how groups consisting of scientists, engineers, and support staff, work 
together as a team. Our broad goal is to enhance education and scientific literacy by involving 
teachers and students in the exploration of the Solar System. This review provides examples 
for scientists who are planning educational outreach activities. 

Introduction: The earth sciences are playing an increasing role in science education 
reform, in part because of popular recognition of environmental problems and because earth 
scientists are participating more in the education of young people [1,2]. The exploration of our 
Solar System has led to a greater understanding of how Earth functions and how it has evolved 
through time. In addition, events such as the lunar Earthrise first seen by human eyes in 
December 1968, the landing of a robot on Mars in July 1976, and the portrait of our Solar 
System obtained by Voyager 1 in February 1990, have provided us with the opportunity to 
consider the broader context in which we live [3]. Enhancement of education using planetary 
sciences as a "hook" has the advantage that it is a field of study which encourages and requires 
a global perspective. Fostering scientific literacy and global perspectives among non-scientists 
are important goals for improvement and understanding of the Earth's environment and in 
creating better political and economic relationships among Earth's people [3-5]. The 
description of the Mars Thermal Emission Spectrometer Education Outreach Program (below) 
should be considered as a potential model for education efforts that other science research 
teams may wish to develop in their communities. 

Mars Observer TES Education Outreach: The Mars Observer mission presented a 
unique opportunity for enhancing science education through real-time participation in a 
planetary science project. Each Mars Observer instrument was controlled at the home 
institution of the instrument team leader. Thus, students and teachers living far from a NASA 
center but near one of the instrument teams would have a chance to become involved in the 
mission. The Mars Observer Thermal Emission Spectrometer (TES) [6] experiment was being 
conducted from a facility on the campus of Arizona State University (ASU) until the spacecraft 
was lost in August 1993. Located in a major metropolitan area (Phoenix, AZ), the ASU TES 
facility was designed with education of children and their teachers in mind. Thus, we 
developed an educational outreach program, centered on the real-time experience of 
exploration of Mars using TES, with the following foci: (A) local connection to real-time 
scientific discovery, (B) developing educational relationships between scientists, teachers, and 
students, (C) showing teachers and students how scientists and research teams work (breaking 
down stereotypes), and (D) learning the connections between Arizona and the geology, 
geomorphology, and historical study of the planet Mars [7]. Following the loss of Mars 
Observer, we found a great desire among the teachers and students in Arizona to continue our 
education program. The focus has shifted toward the process of recovery, planning, and 
building of a new spacecraft and TES, as well as increased emphasis on the similarities 
between our home state of Arizona and the landscapes and geology of Mars (and other planets). 

Activities: The education program has reached hundreds of K-12 teachers across the 
state of Arizona. The two primary activities of the Mars TES education program are student 
visits and teachers' workshops (described below). We also send speakers on a limited basis to 
classrooms and astronomy club events. We are developing resources relating to Mars, Arizona, 
and TES, for teachers to borrow and/or copy. These resources include slide sets and a 
curriculum guide for the 1993-94 school year. A newsletter, TES News, is printed every 3 to 6 
months, keeping teachers and their classes informed about the TES team efforts to study Mars. 
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We have formed working relationships with the Challenger Center for Space Science Education 
and the Planetary Society to bring the benefits of their Marsville and MarsLink programs 
(respectively) to the teachers in our state. We also presented new remote sensing lab activities 
(still in development) to the Arizona Science Teachers Association annual conference [8]. 

During the academic year, an average of 300 students (K-12) visit the TES facility each 
month. A typical visit consists of 30 minutes of discussion and hands-on instruction about 
Mars, Arizona, and the activities of the TES science group at ASU. Students visit with a 
member of the TES team and thus get a glimpse of how the scientists, engineers, office staff, 
and college students all work together as a team to do their research. 

The teachers' workshops occur every 6 months. The first three were held in February 
1993, August 1993, and February 1994. Each of the first two workshops was attended by ~100 
educators. The workshops are voluntary (i.e., no college or district credit is given for 
attendance) and there is no registration fee. The workshops occur in a single day and include 
presentations by the teachers themselves. The workshops are forums for teachers to exchange 
ideas on how to incorporate childrens' excitement for space exploration into classroom 
activities. The workshops also give teachers an opportunity to follow TES activities and stay 
informed of developments in the earth and planetary sciences. All workshop announcements, 
hand-outs, and the TES News newsletters are designed to be photocopied and shared. Teachers 
have commented that the workshops have been exciting and informative, and they appreciate 
the personal interaction between themselves and the scientists, staff, and college students 
involved with the TES project. 

Suggestions: We have learned that there are more schools that have computers in the 
classroom than we originally expected. At the same time, there are many more schools that 
have severely limited resources. The workshops and activities we have been developing 
attempt to take both of these realities into account. Much of the material shared at workshops 
is printed on paper so that it can be easily photocopied for student and colleague use. We try to 
be informative, showing teachers resource items produced by other organizations, such as the 
material available through NASA teachers resource centers and the NASA Spacelink Internet 
connection. We have also learned that many elementary and middle school teachers are 
uncomfortable teaching science, and therefore they value the direct contact with scientists who 
can teach them about the latest and most interesting discoveries as well as show them how 
science relates to their everyday lives. Much of what we have learned has come through 
(a) monthly meetings of an advisory group composed of local K-12 teachers, (b) surveys given 
to teachers during their student visits and the Saturday workshops, and (c) discussions with 
other scientists and graduate students involved with science education outreach [e.g., 9]. The 
activities described here can occur within the context of a limited budget. There is a variety of 
sources for educational funding [see 10]. You are encouraged to contact us if you have 
questions about initiating a science education outreach activity in your community. 
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individuals. We especially thank Linda Jaramillo, Kathy Patoni, Dr. Don Anderson, Tiffany Montoya, Greg 
Mehall, and David Melendrez of the ASU TES group; Dr. Fred Staley, Mary Della Bourgeois, and Dr. Sheryl 
Santos of ASU; and the TES Education Advisory Group: Anthony Occhiuzzi (Tempe H. S.), David Harbster 
(Chandler, A2), Mary Martin (Kiva Elem., Scottsdale, AZ), Steve Jones (J.B. Sutton Elem., Phoenix, AZ), 
Kathryn Nichols (Valley View Elem., Phoenix, AZ), Mary Palmer (Bethune Elem., Phoenix, AZ), and Addie 
Kinsinger and Harold Frederick (KAET-TV, ASSET). The help of Sue Cox-Kauffman (SAIC, Washington, DC), 
Carol Stadum (Planet. Soc.), and Lindy Pasos (Challenger Center) is also appreciated. This work is supported by 
an Educational Supplement to NASA grant NAGW 943. 
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HEATING BY LIGHT AND THE SIZE DISTRIBUTION OF CHONDRULES; 

D. D. Eisenhour, T. L. Daulton, and P. R. Buseck, Departments of Geology and Chemistry, Arizona State 
University, Tempe, Arizona 85287. 

Introduction: One of the most notable characteristics of chondrules is their limited sizes which 
range from ~0.1 to 3.0 mm in diameter with chondrules < 0.1 mm conspicuously rare [1]. Two commonly 
proposed explanations for this restricted size range are evaporation and sorting [2-4]. However, there 
are observational and/or theoretical difficulties with both of these interpretations. Sorting models 
provide a reasonable explanation for the chondrule population in any single meteorite but run into 
difficulties when all meteorites are considered collectively. Evaporation models have the advantage 
of relating the size distributions of chondrules to the heating events responsible for their formation but 
agree poorly with chondrule and chondrite compositions and are physically implausible. A more 
reasonable explanation is found in the formation of chondrules by electromagnetic radiation. When 
chondrules are heated by predominantly visible light, their size distributions are easily accounted for 
as a natural product of the heating process. 

Discussion: Sorting theories assume that a broad chondrule distribution formed initially and that 
some physical process later separated them into different size bins. Regions containing different 
chondrule populations then supposedly accreted to form chondrites with the restricted chondrule 
distributions we observe today. This scenario reasonably explains the chondrule populations in 
individual chondrites but has difficulty explaining the chondrule population when all chondrites are 
considered collectively. Meteorites containing 0.1 to 3.0 mm chondrules are common, but those with 
chondrules < 0.1 mm are disproportionately rare. If sorting is responsible for the size distributions of 
chondrules in chondrites, then small chondrules are largely unaccounted for, posing a difficult problem 
for sorting theories. An additional difficulty with sorting is that the bulk compositions of chondrites 
are similar regardless of the proportion of chondrules (more refractory) to matrix (less refractory). This 
complementary relationship suggests that the chondrules and matrix of individual chondrites were 
derived locally without significant transportation and fractionation as is implied by sorting. 

The complete destruction of chondrules <0.1 mm through evaporation has also been proposed to 
explain the size distribution of chondrules. However, there is little support for this process, either 
observationally or theoretically. Two prominent problems exist: small surviving chondrules should be 
highly depleted in volatile elements, which is not generally observed, and more importantly, it is 
highly unlikely that evaporation would eliminate small chondrules from the population in the first 
place. The evaporation process could destroy small chondrules <0.1 mm but would replace them by the 
incomplete evaporation of larger chondrules. Small chondrules would never be eliminated from the 
population! 

Close examination of the heating properties of electromagnetic radiation provides a plausible 
solution to the difficult problem of chondrule size distributions. Chondrules with different sizes reach 
different peak temperatures when heated by predominantly visible light because larger chondrules 
absorb visible light more efficiently than do smaller chondrules, or stated more precisely, at a given 
temperature larger chondrules absorb visible light more efficiently relative to their ability to emit 
radiative energy than do smaller chondrules. This is not because larger chondrules have a larger 
geometric cross-section, but because their greater thickness makes them more opaque to visible light 
(visible light has a large extinction distance in chondrule-forming silicates). Over a limited size 
range, this means heating is roughly proportional to a chondrule's volume rather than its cross-section. 
Conversely, because both large and small chondrules emit a large portion of their energy in the infrared 
(~10,000 - 40,000 nm) where the extinction distance is small, cooling ability is roughly proportional to 
surface area. This translates to a radius dependence for heating; i.e., larger chondrules get hotter than 
smaller chondrules when heated by predominantly visible light. 

Figure 1 shows the results from computer simulations of heating initially cold (400 K) chondrules 
for 300 seconds with predominantly visible light emitted from a 4000 K blackbody source. Calculations 
are based on both the wavelength-, and size-dependent absorption and emission efficiencies of typical 
olivine-pyroxene chondrules [5], Peak chondrule temperatures are plotted as a function of chondrule 
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size. Different curves represent heating at various distances from the light producing source and are 
labeled in units of flux normalized to the flux at the source (f/f G ). Note the nun-sized chondrule 
distribution that would be produced from this kind of radiative heating. Smaller chondrules reac 
lower peak temperatures because of their inability to efficiently absorb visible light, while very large 
chondrules remain cool because of the short exposure to heating (larger chondrules have greater 
thermal inertia). Similar results are obtained for a variety of heating conditions provided the incident 
radiation is predominantly located in the visible portion of the spectrum. Longer heating times simp y 
stretch out the tail on the large chondrule end of the peak (which is only important if pre-chondrule 
aggregates of this size existed in chondrule formation regions initially). 

For simplicity, grains were assumed to be spherical in the calculations for the temperature 
distributions shown in Figure 1. This assumption is well suited for chondrules, individual mineral 
grains, and roughly-spherical, compact grain aggregates. The temperature values shown in Figure are 
less accurate for fluffy pre-chondrule aggregates, or aggregates with abundant opaque minera 
inclusions. For the case of abundant opaque inclusions, the prominent heating peak would become less 
pronounced due to the preferential rise in temperature of chondrules, grains, or aggregates sma er an 
-1.0 mm. For the case of fluffy aggregates, temperatures would be lower for all sizes and the heating 
peak would shift to the right as individual constituent grains would behave more like independent 
absorbers and emitters; the overall shape of the curve would remain the same, however. 

The ability of light to produce chondrule-like size distributions through preferential heating is in 
itself compelling evidence for the existence of such a process, especially considering the apparent y 
limited alternatives. However, additional support for this process is provided by the existence of 
inclusions of dispersed opaque minerals in chondrules, features which are characteristic of heating by 
intense visible light [5-7]. The ability of these unique opaque mineral assemblages to record the 
existence of intense visible light relies on the markedly different absorption properties of opaque 
minerals and silicates. Similar to the size-dependent heating described above, opaque minerals are 
preferentially heated because of their ability to preferentially absorb visible light; the difference 
being that for opaque minerals increased absorption is due to the small extinction distance for visible 
light rather than greater thickness as is the case for larger chondrules. Together, the existence of these 
characteristic, dispersed, opaque mineral inclusions and the size-dependent heating properties of ig t 
provide strong evidence for the formation of chondrules by radiative heating and suggest t at t e size 
distribution of chondrules is a natural consequence of the formation process. 
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distances from the light producing source (see text). 



Fig. 1. Peak chondrule temperature as a function of size 
produced by heating chondrules for 300 sec. with light emitted 
from a 4000 K blackbody source. T me lt is the melting point of 
‘ chondrules. Curves represent heating at different 
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CARRIER PHASES OF ISOTOPICALLY ANOMALOUS NITROGEN IN 
ACAPULCO METAL: C- AND N-ISOTOPIC COMPOSITIONS VARY WITH 
GRAPHITE MORPHOLOGY; A. El Goresy 1 , E. Zinner 2 , K. Marti 3 ; ^ax-Planck-Institut 
fur Kemphysik, Postfach 103980, D-69029 Heidelberg 1, Germany, 2 McDonnell Center for the 
Space Sciences, Washington University, St. Louis, MO 63130, USA, 3 Dept. of Chemistry, Mail 
Code B-017, University of California, La Jolla, CA 92093, USA 

Graphite grains associated with metal in the Acapulco meteorite are rich in isotopically 
anomalous (light) nitrogen. Two morphologically distinct types, spherulitic graphite and feathery 
graphite, have distinct C- and N-isotopic signatures on a C vs N isotope plot. Both C and N in the 
metal appear not to be equilibrated 

Introduction. Acapulco is a unique meteorite with a chemical composition similar to the 
average of H-chondrites. The meteorite is depleted in A1 and the other refractory lithophiles in 
comparison to Cl chondrites [1]. It is depleted in K and Rb relative to the average H-chondrites 
but its Na-content is similar to that found in this chondritic group. The metal/silicate ratio in 
Acapulco is higher than in H-chondrites and the chemistry of its minerals is suggestive of 
formation at high temperatures (~1100°C) at f(>2 conditions intermediate between those of E- and 
H-chondriteS; A cooling rate of >10°C/Ma was deduced from metallographic studies [1]. 147 Sm- 
J Nd and 146 Sm- 142 Nd chronological studies [2] have yielded an internal isochron age of 4.60 ± 
0.03 Ga. Because of its old age Acapulco may have retained cosmochemical signatures from the 
earliest times of the solar system. 

Analysis of bulk Acapulco has revealed two different nitrogen isotopic signatures [3]: The 
metal contains very light nitrogen (8^N < — 130 %o) while the silicates contain heavy nitrogen 
(6 N = + 20%c). Heavy nitrogen has also been detected in the low temperature release of the 
metal [4], Studies of the nitrogen isotopic compositions in taenite and kamacite concentrates 
indicated that nitrogen concentrations are higher in taenite (28 ppm) than in kamacite (4.5 ppm) [4], 
The difference in the nitrogen isotopic composition between metal and silicates indicates lack of 
equilibration between these two components during melting and crystallization. Nitrogen appears 
to be lighter in taenite (8 15 N = - 150 %c) than in kamacite (8 15 N = - 130%o) [4]. The lighter 
nitrogen is sited either in the metal phases or at high enrichment in minor phases closely associated 
with the metal. 

We have initiated a detailed combined petrographic and ion probe study of Acapulco to 
address the following questions: (1) Is the light nitrogen in Acapulco confined to the metal or is it 
present in other phases associated with the metal? (2) If there are carriers, do they have identical 
nitrogen isotopic compositions or do they have distinct signatures which may have survived the 
melting and crystallization processes in the Acapulco parent body? Petrographic investigations 
were conducted on three polished thin sections using reflected light microscopy and scanning 
electron microscopy in the BSE mode. Quantitative electron microprobe analyses were also made 
to determine the chemical compositions of distinct phases encountered within the metal. The 
isotopic composition of C and N were measured by secondary ion mass spectrometry according to 
established procedures [5]. 

Petrography. Graphite grains of variable size (2-150 pm) were found intergrown with 
metal. In addition, we found rare cohenite, a phase not reported before from Acapulco. Since 
graphite was suspected to be the carrier of the light nitrogen, a detailed study was conducted on 
this mineral. This study revealed the presence of three morphologically distinct types of graphite: 
(1) Spherulitic graphite entirely sealed off inside of metal grains, coexisting with both kamacite and 
taenite. The spherulites consist either of radially arranged graphite platelets or fine-grained (^ 2 
pm) polycrystalline aggregate of graphite. (2) Feathery graphite intergrown with both metal and 
silicates. Large grains of this type are mainly enclosed in the silicates but are always in contact with 
the metal. (3) Graphite filigree. This type appears to be rare; it was encountered only once in all 
three sections. Like the spherulitic graphite, it is entirely enclosed within the metal. 

Isotopic analysis. Both in graphite and in cohenite nitrogen was measured as CN~ [5]. 
Nitrogen contents in cohenite were found to be very low. In contrast, all graphite grains measured 
are highly enriched in N (0.002<N/C<0.01). Spherulitic graphite contains less N (N/C < 0.002 vs 
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£ 0.05) than the feathery and filigree types (Fig. 1). Our measurements revealed distinct C-and N- 
isotopic characteristics of the various graphite types. The C-isotopic composition of the spherulitic 
oranhite varies between 5 13 C = - 16%© and 8 1 * = - 40%© whereas the range of compositions for 
neametySapSmartedlv narrower (8«C = - 12%© to S«C = - 25%©) (Fig 1). Feathery 
cranhite has lighter nitrogen (S&N = - 110%© to 5 15 N = - 154%©) than the spherulitic graphite 
fgl?N = _ 67%f to 8 15 N = - 141%©) (Fig. 2). Figure 3 depicts the C- and N-isotopic compositions 
of both graphite morphologies. This diagram clearly shows that the data from the t^o graphite 
types fall into separate groups with distinct C- and N- isotopic signatures. While the feathery and 
fiMgrec graphites plot in a region of heavier carbon the spheruUUe granhites plot£»a lujear may 
with a slope of -3.25 that extrapolates to zero 8-values of both C and N. The 8 C vs 8 N trend 
in spherulitic graphite may represent either (a) a mixing line between two reservoirs, one with 
isotopically normal C and N, and the other with isotopically light C and N, or (b) correlated 
isotopic fractionation in both C and N (presolar?) and lack of subsequent <equilibration. 

Discussion. Several conclusion can be drawn from these results. (1) The two graphite ype 
display distinct isotopic signatures thus indicating formation from different reservoirs before 
incorporation into Acapulco parental material. (2) Both types frequently occur m the same metal 
grain; yet no isotopic equilibration was attained between the two graphite morphologies during the 
melting and crystaUization of Acapulco. (3) Because cohenite was found to be poor in N and its N- 
Sotopic composition appears to be close to normal, it is quite unlikely that spherulitic gnyhitejas 
formed by breakdown of cohenite to Fe + C during the cooling event. (4) The magnitude of the N 
isotopic anomaly is very similar to that previously reported [4] for the bulk metal mend 

- 130 %c). Hence, it is not clear whether the light nitrogen component measured in the bulk me 
[4] entirely resides in the graphite or the metal still contains a third earner with a distinct isotopic 
composition or N is also contained in the 
metal. This issue can only be resolved by 

measurement of graphite-barren metal from -10 -i--—;-- T “ 

Acapulco. The present study demonstrates 6 <j> , ,i> ? A 

the need for systematic C- and N-isotopic 1 m ' 

investigations of different graphite types in 
graphite inclusions in iron meteorites and 
other differentiated meteorites. 
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References: [1] Palme H. et al. (1981) 
GCA 45,727; [2] Prinzhofer A. et al. (1990) 
LPS XXI, 981; [3] Sturgeon G. and Marti 
K. (1991) Proc. LPS 21, 523; [4] Kim Y. 
and Marti K. (1993) LPS XXIV, 801; [5] 
Zinner E. et al. (1989) GCA 53, 3273. 
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CARBONATES IN THE CI-CHONDRITE IVUNA: IMPLICATIONS FOR AQUEOUS ALTER¬ 
ATION PROCESSES ON THE CI-PARENT BODY. 

M. EndreB and A. Bischoff, Institute of Planetology, Wilhelm-Klemm-Str. 10, 48149 Munster, Germany. 

Chemically, Cl-chondrites are regarded to be the most primitive chondrites; however, texturally and minera- 
logically they are strongly brecciated and altered. In a previous study it was demonstrated that distinct lithologies 
exist in the Cl-chondrite Ivuna [1]. Many investigators already reported on the occurrence, mineral chemistry, 
and formation of carbonates and sulfates in Cl-chondrites [2-6, and references therein]. In this course we 
examined two thin sections of Ivuna in order to find a relationship between the compositions of carbonates and 
the distinct lithic units. As a main result of this investigation we will demonstrate that each lithology has a 
characteristic carbonate composition. 

Results: As mentioned above, among others several distinct lithologies were identified in the Cl-chondrite 
Ivuna [1] (lithology I: carbonate-rich, up to 10 vol% carbonates; lithology II: sulfate-rich, no carbonates; 
lithology III: rich in coarse-grained phyllosilicate fragments). Recently, we discovered a fourth lithology (TV), 
which is characterized by a high abundance of olivine grains. 

For this study we analysed 63 carbonate grains in Ivuna in order to shed light on the textural and 
compositional variability of carbonates in different lithologies. Carbonates in Ivuna are usually 10-70 pm in size. 
Two exceptions are (1) polycrystalline carbonate chunks intergrown with some magnetite in Ivuna described by 
[1], ranging in size from 60-300 pm (in the following referred to as carbonate fragments; Fig.l), and (2) 
carbonates in lithology IV, which are in general <15 pm in size. Magnetites (pure Fe 3 0 4 ) within the carbonate 
fragments show typical morphologies known from CIs: platelets, spherules, framboids. The magnetites occur as 
inclusions or as lineaments (Fig.l), as also recently described by [7]. In contrast, carbonates in lithology I rarely 
show magnetite inclusions, but often are intergrown with nearly pure Ca-phosphates apparently evidence for a 
contemporaneous precipitation of carbonates and phosphates from the same fluid. Except for carbonate 
fragments, a common feature throughout the studied Ivuna sections is a small sulfate-rim around carbonate 
grains. 

In general, dolomites (with up to 12 wt% MnO) are the dominant phase in the studied sections of Ivuna. 
Usually they exhibit a wide range of MnC0 3 -contents, but only a limited range of FeC0 3 -contents, as recently 
reported by [7] for dolomites in Orgueil and Ivuna as well. In addition to dolomite we observed minor amounts of 
calcite and breunnerite. 

Dolomites within lithologies I, III, and IV exhibit very similar Ca/Mg-ratio (Fig.2a,b,c); however, important 
differences are obvious in a Mn vs. Fe-diagram based on formula units (Fig.3). The Mn-contents of carbonates in 
lithology I never exceed 0.20, whereas all carbonates analyzed in lithology III have Mn-contents above 0.20 (with 
both lithologies having generally low Fe-contents <0.30). Carbonates in lithology IV show either very low Mn- 
contents (<0.02) combined with intermediate Fe-contents (0.18-0.28) or intermediate Mn-contents (up to 0.20) 
with very high Fe-contents (0.62-0.73). 

In contrast to the wide compositional range of carbonates in Ivuna, the carbonates in the carbonate fragments 
are quite homogeneous (Fig.2d). 

Discussion: The observation that Ivuna carbonate compositions are linked to the lithologies in which they 
occur has strong implications for aqueous alteration processes generated on the Cl-parent body(ies). It is 
suggested that distinct layers or units of the parent body were affected by aqueous alteration processes prior to 
brecciation and mixing of various rock types. Alternatively, but less probable in our view, the formation of 
carbonates with different compositions in distinct lithic units occurred after brecciation in the parent body 
regolith. McSween et al. [3] and Richardson [4] also proposed that fluids circulating in the Cl-regolith must have 
experienced compositional changes locally and temporally, as also indicated by sulfate rims around carbonate 
grains. In general, our observations are in good agreement with most previous studies [4,6,7, and references 
therein] and match the predicted precipitation sequence of [4] with first ciystallizing carbonates and then 
crystallizing Ca- and Mg-sulfates, respectively. Kerridge and Bunch [2] and Richardson [4] also stated that 
carbonate precipitation in CIs overlapped with a period of impact gardening, mainly based on the occurrence of 
fresh mafic minerals and the wide distribution of carbonate fragments, which [4] attributed to be remnants of 
former carbonate veins. Our observations in Ivuna are consistent with these suggestions. The homogeneous 
distribution of carbonate fragments throughout the studied sections, each up to several mm apart, and their small 
compositional variability compared to carbonates in distinct lithologies strongly implicates that all carbonate 
fragments share a common origin (e.g. precipitated from the same fluid) and were distributed by impact-related 
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processes. The possibility that carbonate fragments in CIs could represent debris of former carbonate veins is 
evidenced by their fragmental appearance and shapes in Ivuna (comp. Fig.l). The elongated shape of the 
carbonate fragment as well as the partly fibrous texture of the outer rim implicates crystal growth perpendicular 
to a vein surface. Due to textural evidence we suggest that carbonate fragments in Ivuna originate from former 
carbonate veins subsequently destroyed during regolith processes. 

References: [1] EndreB M. and Bischoff A. (1993), Meteoritics 28, 345. [2] Kerridge J.F. and Bunch T.E. 
(1979) In Asteroids I, pp. 745-764. [3] McSween H.Y. Jr. et al. (1993), Meteoritics 28, 396. [4] Richardson S.M. 
(1978)! Meteoritics 13, 141-159. [5] Zolensky M E. et al. (1989), Icarus 78, 411-425. [6] Fredriksson K. and 
Kerridge J.F. (1988), Meteoritics 23, 35-44. [7] Johnson C.A. and Prinz M. (1993), GCA 57, 2843-2852. [8] 



Mn [formula units] 

Fig. 1: An elongated carbonate fragment (light Fig. 3: Mn-contents vs. Fe-contents of carbonates 

grey) in Ivuna indicating crystal growth perpen- (based on formula units; £ Ca+Mg+Mn+Fe =2) f rom 

dicular to a vein surface. The inner part of the different lithologies in the Cl-chondrite Ivuna. 

fragment contains abundant magnetite (bright), 
showing all morphologies known from CIs. 


Mg C0 3 Mg C0 3 Mg C0 3 Mg C0 3 



Ca C0 3 (Mn.Fe) CO 

Fig. 2: Chemical composition of carbonates from distinct lithologies and carbonate fragments within the Cl- 
chondrite Ivuna. 
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APOLLO 16 LUNAR GLASSES: NORMATIVE COMPOSITION AND ORIGIN, 
wolf v.Engelhardt, Mineralogical Institute, University of 
Tuebingen, wilhelmstr.56, D-72074 Tuebingen, Germany. 

Major element compositions have been determined by 
microprobe analysis of 322 glass particles in the 0.25-0.06 
mm size fraction of soil samples from all Apollo 16 
stations. To explore mineral compositions of potential 
source materials of impact glasses, the chemical data have 
been converted into weight percents of norm minerals 
anorthite (an), albite (ab), orthoclase (or), enstatite 
(en), ferrosilite (fs), wollastonite (wo), forsterite (fo), 
fayalite (fa), quartz (gu), ilmenite (il) and spinel (sp). 
The results are shown in Fig.l: each glasss particle is 
represented by a point in triangles pl-px-ol and pl-px-qu, 
respectively (il and sp are neglected; pl=an+ab+or; 
px=en+fs+wo; ol*fo+fa;). The 322 glasses form a continuum 
with some blurred clusters. As usual in other continous 
complexes, e.g. magmatic rocks, the multitude of glasses 
must be classified by arbitrary or conventional dividing 
lines which are boundaries of certain compositional fields. 
Glass "groups" or "classes" must be defined by such 
boundaries, not by averages of chemical or normative 
composition. I tentatively distinguish 12 fields (Fig.l, 
Table 1). The applicability of this pattern was tested with 
270 normative compositions of Apollo 16 individual glass 
particles and "glass groups", calculated from chemical 
analyses in the literature. 

The glass particles are of different origin and had 
3fff eren t histories of formation and cooling. They are 
either fragments of larger masses or quenched melt droplets 
and they cooled either rapidly to glass or more slowly to 
vitrophyric structures. The ratios fragments/droplets and 
glasses/vitrophyres show characteristic differences for 
particles of different normative fields. Some of the field 
I glasses, consisting of more than 95% plagioclase, are 
diaplectic glasses. Glass particles of field VIII are 
"green glasses" of volcanic origin. The majority of the 
analyzed glasses are quenched impact melts. Their normative 
compositions provide informations on shock-melted mineral 
aggregations. 

Normative compositions of fine fractions of Apollo 16 
regolith samples, of agglutinates from Apollo 16 soils and 
of 119 rock fragments collected at the Apollo 16 site do 
not cover the whole range of glass compositions: Fines and 
agglutinate particles occupy a restricted area in the 
center of glass field III. 85% of all rocks belong to the 
plagioclase-rich fields I, II, ill and XI. 
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It follows that glasses of fields IV, V, VI, VII, IX, X 
and XII, i.e. 47% of the analyzed particles, can neither be 
derived from the fine fraction nor from the coarse rook 
components of the local regolith. One possibility would-be 
that these olivine-rich, pyroxene-rich and quartz-normative 
glasses are exotic components which reached the Apollo 16 
site by lateral transport. Another posssibility is based on 
the observation at terrestrial impact craters that impaot 
melts are formed from rocks deep below the original ground 
level. Examples are structures like Ries, Popigai, Lake 
St.Martin and Araguainha where the impact melts were formed 
from crystalline rocks, overlain by thick sedimentary 
sequences, whereas fragmental breccias consist mainly of 
weakly shocked materials from upper levels of the target. 
The consequence would be that in the Descartes region 
multiple impacts have produced the weakly shocked fine and 
coarse components of the regolith, predominately derived 
from upper levels of the lunar crust below the regolith, 
whereas impact glass particles represent in the average 
deeper levels. It follows that anorthosites (fields I,^11, 
XI) and olivine- poor rocks of noritic composition (field 
III) prevail in upper levels, whereas troctolitic rocks 
with wo-rich pyroxene (field IV), and pyroxene-rich, ol- 
normative (fields V, VI, VII) and qu-normative rocks 
(fields IX and XII), some of them rich in ilmenite, are 
more abundant at greater depths. 
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Fig.l. Normative composition of 322 glass particles 
from Apollo 16 soils. 


Table 1. Normative fields of Apollo 16 glasses. 
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GAMMA RAY SPECTRA FROM THE MARS OBSERVER GAMMA RAY 
SPECTROMETER: CRUISE DATA ANALYSIS 

P.A.J. Englert 3 ), N. Chakravarty 3 ), 0. Ivanova 3 ), E.A. Beck* 5 ), J. Bruckner 0 ), 

S.H. Bailey^), F.C. McCloskey 0 ) and W.V. Boynton^). 

a) Nuclear Science Facility, San Jose State University, San Jose, CA 95192-0163. 

b) The Medical Physics Center, 9342 Technical Center Dr., Sacramento, CA 95826. 

c) Max Planck Institut ftfr Chemie, Abt.Kosmochemie, D-55020 Mainz, Germany, 

d) Lunar and Planetary Laboratory, University of Arizona, Tucson, AZ 85721 

This paper reports the preliminary analyses of special features of the gamma ray spectra 
acquired in the time period of Jan. 24, 1993 to July 30, 1993 by the Mars Observer Gamma Ray 
Spectrometer I (MOGRS1) in the flight of the spacecraft towards Mars. The purpose was to gather 
information on the electronic drift of the instrument, background photopeaks including the finger¬ 
printing of new ones and the evidence on the radiation damage of the detector. Attempts have also 
been made via comparison with terrestrial simulation experiments, to arrive at crude estimates of 
the overall proton dose on the detector and the neutron fluence incident on it in the space 
environment. 

Spectrum analysis was performed by the gamma spectrum deconvolution program 
GANYMED [1] and standard graphics, spreadsheet and statistical analysis packages utilising a 
Sparc 10/41 Workstation and IBM PC 486. Optimisation of baseline fitting and peak shape 
parameters within GANYMED allowed a reasonably invariant standard for these spectra. The 
linear calibration coefficients, aQ (intercept) and a] (slope), of the detector were obtained from the 
benchmark 198, 271, 984, 1117 and 1312 keV gamma rays whose full widths at half maximums 
(FWHMs) were investigated for information on the resolution of the detector. The possible effects 
of solar flares, spacecraft and detector manoeuvres on these variables were examined. It was found 
that there was no functional correlation between ao and aj and the time elapsed in the C6 to CIO 
flight paths which shows the absence of instrument electronic drift. There is however some 
evidence of a slow progressive change of the coefficients in the C12 flight path which was the path 
placemant of the spacecraft at the time of it's disappearance. No correlation of the calibration 
coefficients with detector temperature and high voltage (HV) at constant time were seen. For the 
detector resolution, the expected decrease with temperature and increase with HV at constant time 
were observed. To inspect the time variation of the FWHMs, the spectra were normalised to the 
HV setting of 2500V and spectra with temperature variation were not considered at all Average 
FWHMs were obtained for each flight path and plotted with respect to the average (Julian) day of 
each flight path. The points were regressivley fitted to the best polynomial. It was found that the 
detector resolution worsened with time which indicates progressive radiation damage, an idea of the 
rate of which was obtained from the coefficients of the polynomial fit. 

For the purpose of determining overall spectral characteristics including unknown peak 
identification, the spectra in all the flight paths were summed up. It was possible to do so without 
special procedures because of the absence of instrument electronic drift. The FWHMs of all 42 
peaks spanning 129-2222 keV in energy, were plotted as a function of gamma ray energy and the 
points fitted by polynomial regression. Figure 1 shows the plot in the 800-1500 keV region. Over 
this energy range the FWHM is found to increase almost linearly, if the small coefficients of the 
higher order terms are ignored. This conforms to the expected trend. However, implicit in this 
curve is the widening of the FWHMs due to the accumulated energetic particle dose. With the view 
to obtaining semi-quantitative information on the magnitude of this dose through the gamma 
spectrum alone, the controlled earth-bound experimental radiation-damage data of Bruckner et al 
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[2] were used. The FWHMs of the 1237 and 1312 keV peaks in the summed spectrum, chosen 
because of their proximity to the ^Co peaks, were found to lie on or very close 
to one of the simulated radiation damage vs energy curves at a predetermined GeV proton dose. 
From this, a rough estimate of the accumulated Galactic Cosmic Ray dose on MOGRS1 can be 
obtained. 

The summed spectrum was used to observe previously recorded background peaks and to 
identify new ones. The new activities were fingerprinted nuclide-wise on the basis of the most 
plausible nuclear reaction, the nuclide library' NCC within the code GANYMED and other sources. 
This spectrum also showed the characteristic Ge(n,n’gamma)Ge saw-tooth peaks, whose FWHMs 
were recorded with a separate set of fitting parameters in the code GANYMED. Beck's [3] data on 
such peaks obtained by quasi-monoenergetic neutron bombardments on the Ge crystal in an HPGe 
detector, were taken as a rough control data set and were reanalysed and appropriately arranged. 
The flight data FWHMs as obtained from the summed spectrum were compared to the values 
obtained from the control data. Within the large constraints of the geometrical mismatch of Beck's 
detector and the one on MOGRS1 and the fact that space provides a continuum of neutron 
energies, crude estimates of the average neutron fluence and energy encountered by the MOGRS 1 
were attempted. The neutron fluence value of <10^ neutrons/cm^ was found to correspond, to a 
degree, with a rough estimate obtained by inserting the counts of the 693 keV peak in the standard 
empirical formula [4], It will be interesting to compare this value with the actual average neutron 
fiuences obtained from the neutron spectrometers aboard the MOGRS 1. 



y'Energy.kev 


Figure 1.: FWHM of the gamma ray peaks versus gamma ray energy 

REFERENCES: 1) Bruckner J. and Kruse H., (1991), GANYMED version 3.3, Technical 
Report , Max Planck Institut fuer Chemie, Mainz, (unpublished). 2) Bruckner J., (1993 ) private 
communication. 3) Beck E.A., (1991), "Neutron Energy Determination Using Nigh Purity Ge 
Detector ", M.S. Thesis, San Jose State University, (unpublished). 4) Knoll G.F., (1989), 

"Radiation Detection and Measurement", Second Edition, John Wiley and Sons, New York 
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C/0 ATOMIC RATIOS IN ANTARCTIC MICROMETEORITES : A PROGRESS REPORT. 

C. Engrand, M. Perreau, (LEM CNRS/ONERA, BP 72, F-92322 Chatillon, France), M. Maurette (C.S.N.S.M. 
Batiment 104, F-91405 Orsay Campus, France). 

We have measured C/O atomic ratios in Antarctic micrometeorites (AMMS) and two carbonaceous 
meteorites, Orgueil (Cl) and Murchison (CM), to further assess similarities and differences between these 
primitive bodies [1,2]. 

Analytical transmission electron microscopy is used to measure the C/O ratios on a microscale of « 1000 A. 
The C/O atomic ratios for AMMS ffom the 100-400 pm and 50-100 pm size fractions as given in reference 
[3] has been revised to average values of about 1,7 x Cl and 0,6 x Cl respectively. We also started to analyze 
the 25-50 pm size fraction, for a direct comparison with stratospheric IDPs. The preliminary average value is 
about 1 x Cl for this size fraction. The host phase of the carbonaceous matter has not yet been identified, as no 
correlation with other major elements was observed. The only exception is the COPS phase, enriched in P and 
S, and which seems to represent about 5% of the carbon rich phases [4]. 

Experimental 

Micrometeorites are splitted into several fragments and processed as reported in [3]. One of the 
fragment is crushed on a gold electron microscope grid, between two glass plates, in order to avoid 
contamination [5]This sample is further run in a JEOL 4000FX transmission microscope, and analysed both 
with an energy dispersive spectrometer (EDS) and an electron energy loss spectrometer (EELS). 

Results and discussion 

C/O atomic ratios range from 0 to 1,24 for Orgueil and from 0 to 0,6 for Murchison. The zero values 
corresponds to single crystals of olivine and pyroxene. 

C/O ratios have been measured for 9 AMMs from the 100-400 pm size fraction. The comparison with 
Orgueil shows that about 15% of the total amount of grains exhibit a higher value of C/O than the highest of 
Orgueil. The mean value for these grains range from 0,1 to 3,3 x Cl, and the average value of the 125 grains is 
about 1,7 x CL 

We have analyzed 163 micrometer-sized grains from 11 AMMs from the 50-100 pm size fraction.The mean 
values for each micrometeorite range from 0 to 1,8 x Cl. The average value for the 11 AMMs is only 0,6 x Cl, 
as 2% of grains show a C/O amount higher than 1,24. 

For stratospheric «10 pm IDPs, Thomas et al. [6] reported high carbon contents (between 0,7 and 7 x Cl). We 
obtain an average value of 1 x Cl for 58 micron-size grains from 3 micrometeorites from our 25-50 pm size 
fraction. The C/O ratios for these AMMs range from 0 to 2,3 x CI. 

The C/O values seems to be independant of the AMMs size. Frictionnal heating (causing an eventual 
loss of carbonaceous material) during atmospheric entry cannot be the major process involved as AMMS from 
the 100-400pm size fraction contain more carbon than smaller micrometeorites. 

Complete EDS and C/O analyses have been made for 20, 68 and 19 micron-size crushed fragments 
from AMMs extracted from the 100-400, 50-100 and 25-50 micrometer size fraction respectively. So far, no 
clear correlation between C, Mg, Si, Fe and Ni contents of the grains is observed (see figure 1). As the C-rich 
material is always amorphous, it cannot be associated with crystalline phases such as diamond, carbides and 
corbonates. Its extraterrestrial origin is supported by the high Ni contents of some of the grains. 

REFERENCES: [1] Maurette M., Olinger C.T., Christophe Michel-Levy C., Kurat G., Pourchet M., 
Brandstatter F., Bourot-Denise M. (1991) Nature 351 , 44; [2] Presper Th., Kurat G., Maurette M. (1992) 
Meteoritics 27, 246; [3] Perreau M., Engrand C, Maurette M., Kurat G., Presper Th., (1993) LPSC 24, 
1125; [4] Engrand C., Maurette M., Brandstatter F., Kurat G., Perreau M., (1993) LPSC 24, 441; [5] Maurette 
M., Bonny Ph., Brack A., Jouret C., Pourchet M., Siry P. (1990) Lecture Notes in Physics 390 > 124; [6] 
Thomas K. L., Blanford G. E., Keller L. P., Kldck W. and McKay D. S. (1993) Geoch.Cosm . Acta 27, 1551. 
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Figure 1 
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Effects of aerosols scattering on spectral characterization 

OF THE MARTIAN SURFACE Stephane Erard IAS - Planetologia, viale dell’Universita 11, 
00185 Roma, Italy. 


Introduction. Near-IR spectral observation has proven to be one of the most efficient ways to 
characterize the mineralogy of planetary surfaces. However, the main mineralogical absorptions 
have a typical depth of 1%, and in the case of Mars may be easily masked or subdued by light 
scattered by airborne particles. An estimate of this aerosols contribution to the light measured 
between 0.77 and 2.6 /xm was previously derived from ISM imaging spectroscopic data acquired 
from the Phobos-2 spacecraft in 1989 [l] [2]. It makes it possible to investigate the effect of 
scattering on spectral parameters used to characterize the surface mineralogy. 

Aerosols contribution. The Martian aerosols being very bright and strongly forward-scattering 
in the near-IR, the radiance factor can be approximated under low opacity as the sum of surface 
reflectance and aerosols backscattering [3]. This model made it possible to derive an estimate 
of the scattered spectrum, taking advantage of multiple observations of the same region (W of 
Pavonis Mons) under different viewing geometries [1], The main hypothesis are: (a) the detected 
photons are scattered at most once in the atmosphere (b) the aerosols contribution is neglected 
above 2.6 /xm (c) the photometric function of the surface is assumed independent of the wavelength 
(d) the difference between extinction and forward-scattering is supposed to be small compared 
to backscattering. The estimated spectrum is consistent with results of Phobos-2/Auguste data 
acquired in the same period (opacity at 1.9 /xm r » 0.23, effective radius « 1.2 /xm, effective 
variance ~ 0.2 [4]) and contains weak features related to water-ice and hydrated phyllosilicates [1]. 

The image-cube covering Syrtis Major and Isidis Planitia (400x3000 km 2 ) was used to test the 
effect of scattering on the spectra. Statistical analysis of these 3000 spectra showed that the vertical 
opacity can be considered uniform on the whole region (r « 0.17 at 1.9 /xm), with no altimetric 
dependence. This correction is probably overestimated on the darkest areas. 

Surface properties. The main six spectral parameters related to the surface materials are: the 
reflectance at 1.09 /xm; the spectral slope estimated here as the derivative between 1.84 and 2.35 /xm; 
the strength of the 2 ^m-pyroxenes band; a measurement of the depth of the 0.88 /xm-ferric oxides 
band; the surface of the Fe 2+ band, integrated from 0.86 pm to 1.09 /xm. They were computed for 
the whole image-cube on calibrated spectra and on spectra corrected from scattering (estimate of 
the surface alone); their values are given in Table 1. The last three parameters were also used to 
establish a classification of the calibrated spectra [5]; the main spectral types are given in Fig. la. 
The spectra of the same pixels were averaged after subtraction of the aerosols contribution, and 
are given in Fig. lb. 

Discussion. The level of the scattered spectrum below 2 /xm ranges from 0.02 to 0.05, which 
represents 5 to 15% of the albedo of the bright areas, and 15 to 30 % of that of the dark regions. 
This large contribution of scattering is similar to those infered from IRTM observations for ”clear 
atmosphere” [6] and from independent ISM analysis [7]. The negative spectral slope often ascribed 
to dark materials appears to be largely due to the aerosols scattering continuum, although intrinsic 
variations are recognized on the data, for example between the eastern and western parts of Syrtis 
Major (even enhanced by the correction in this case; see Fig. 1). 

Although they are slightly subdued and shifted to longer wavelengths, the Fe 3+ and 2 /xm- 
pyroxene bands do not appear very sensitive to the addition of a low-opacity scattered component: 
their spatial distribution and relative contrast aren’t deeply modified. Conversely, the Fe 2+ band 
area is reduced by almost a factor of two, although the transformation is almost a linear stretch of 
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the scale. This reduction may help explaining why the 1 /zm-mafic feature is not always observed 
from the ground. 

In the estimated surface spectra (Fig. lb) the center of the 1 p m band is systematicaly shifted 
by some tens of nanometers towards the short wavelengths with respect to the measured spectra. 
This method also results in band centers located at shorter wavelength than a simpler but less 
physical correction (division by a linear continuum fitted on the data [8]). However, this latter 
shift isn’t large enough to change dramaticaly the mineralogical interpretation of the surface: the 
absorptions are still compatible with hematite on bright regions (center at 0.86 ^m) and with calcic 
pyroxenes in Syrtis Major (center at 0.94 pm), though probably less rich in Ca than previously 
inferred from ISM (Ca/(Fe+Ca+Mg)«0.20±0.08 instead of 0.275±0.075 [8]). Very calcic pyroxenes 
may have their bands shifted up to 1.05 /xm by the addition of the scattered component, and could 
have been mistaken for olivine in early spectral data of Mars ranging only up to 1.1 /zm. 



Figure 1. Average spectra, of the six main spectral units in the Syrtis Major-Isidis Planitia 
image-cube: (a) calibrated spectra; (b) after removal of the estimated scattering. 


Table 1: Range of variation of the spectral criteria in the Syris-Isidis image-cube. 



Surface + scattering 
(measured) 


Surface alone 
(modelized i 


min 

max 

Range/rms noise 

min 

max 

Range/rms noise 

Reflectance 
at 1.09 pm 

■ ■ i 

0.115 

0.33 

1200 

0.08 

0.30 

1200 

Spectral slope 
refl. units//im) 

-0.025 

0.0002 

35 

-0.010 

0.020 

30 

2 pm pyroxenes 
(band depth) 

0.97 

1.00 

20 

0.98 

1.01 

20 

U.y pm Fe 3+ 

(band depth) 

; 0.965 j 

1.055 

50 

0.955 ; 

1.055 i 

60 

l pm Fe^ + ■ 

(band area) j 

' 0.0 

0.40 

85 

0.0 

0.70 

! 150 


References : [1] Erard et ai, 
Lunar Planet. Sc. XXIV, 445, 

1993. [2] Erard et al., Icarus, 

1994, submitted. [3] Drossart et 
al., Annal. Geophys. 9, 754,1991. 
[4] Korablev et ai, Icarus 102, 
76, 1993. [5] Erard et al., Lu¬ 
nar Planet. Sc. XXIV, 443, 1993. 
[6] Clancy and Lee, Icarus 93, 
135, 1991. [7] Erard et ai, Lunar 
Planet. Sc. XXIII, 335, 1992. [8] 
Mustard et al., J. Geophys. Res. 
98, 3387, 1993. 
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PROJECTILE SHAPE AND VELOCITY: IMPACT ON EJECTA DISTRIBUTION AND 
COMPOSITION; Noreen Joyce Evans and Thomas J. Ahrens, Lindhurst Laboratory of Experimental 
Geophysics, Seismological Laboratory, California Institute of Technology, Pasadena, CA 91125 

Ejecta scaling using the results of hypervelocity impact recovery experiments is critical to 
advancing our understanding of natural impact phenomenon such as the theory of the giant impact 
melting of the early Earth and formation of the moon, the proposed impact degassing of Mercury, the 
origin of tektites on the Earth and the mechanisms associated with impact-related extinction. 

However, before ejecta scaling from experiments can be accomplished, the dependance of ejecta 
volume, distribution, grain-size and composition (projectile-target mixing) on impact parameters such 
as projectile shape and impact velocity must be determined. A series of hypervelocity impact 
experiments with different impact velocities and projectile geometries have been performed. We have 
found that the exact configuration of the projectile (e.g., the presence of a sabot which holds the 
metal sphere or disc) greatly affects ejecta distribution and projectile-target mixing. 

A two-stage light gas gun was used to launch 6-7km/s projectiles into Mo targets (see Table). 
Ejecta fragments were captured by 0.032 g/cm 3 polystyrene foam (5cm thick) witness plates. After 
the impact, the witness plates were X-rayed and then sliced at regular longitudinal and transverse 
intervals to determine the depth of penetration and angular distribution of captured ejecta. Each 
section was dissolved in chloroform and the ejecta were recovered and weighed. Ejecta consisted of 
shards (unmelted) of target material (99% by mass) and melted ejecta which was composed of both 
target and projectile material, largely in spherical form. The spheres (<5-180 fim diameter) have 
distinct quench textures and were analyzed by electron microprobe to determine the proportions of 
target (Mo) and projectile (Fe) material in each (Figure 1). Sphere fragment velocities were 
determined by equating the energy expended during passage through the polystyrene foam to the 
kinetic energies of the fragments (1). For all shots, sphere velocity increases with increasing angle 
from the target surface. Velocities range from <5km/s to a maximum value of twice the impact 
velocity. 

In shots where both the flyer and sabot impact the target (shots 1, 2 and 3) the maximum total 
ejecta mass is found in a jetted zone between 50-60°. Flyer shape, therefore, is not a control on the 
angular position of the jetted zone when a sabot is present. 

The correlation of projectile-target mixing and ejection angle for shots 1 and 2 is distinctly 
different. In shot 1 the high angle, high velocity ejecta contains a higher projectile component than 
low angle, low velocity ejecta (Figure 1). In contrast, approximately equal proportions of target and 
projectile components are present in the melted ejecta of shot 2. The spheres recovered from shot 3 
show highly variable projectile-target mixing but are relatively enriched in the projectile component. 
Projectile energy is also highest in this shot (see Table). 

When the sabot is stripped and the flyer impacts the target alone (shot 4), X-rays of the 
witness plates indicate that the jetted zone occurs at a higher ejection angle (60-75°) and that virtually 
all of the ejecta is concentrated in this zone. Because the sabot adds considerable mass to the 
projectile (sabot is 7 times more massive than the flyer), the projectile mass and energy for shot 3 
(sphere + sabot) were 8.5 times greater than those for shot 4. Accordingly, in shot 3, the crater 
volume was 6.3 times greater than in shot 4. The spherical' flyer produced a crater with a more 
conical cross-section and a more prevalent raised rim than the projectile composed of a sphere plus 
sabot. 

The measured crater volumes correlate well with crater volume scaling in the strength regime 
[(2), Figure 10] and provide experimental data for a higher ultimate strength target (Figure 2). The 
representation developed in (2) for 6-8km/s metal projectiles and metal targets fits the current data 
within inherent scatter, although the cratering efficiency for shot 4 is somewhat higher than for the 
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other shots (Figure 2). 

These results indicate that, for cratering in the strength regime, when a sabot is present at 
impact, flyer shape exerts only minor control on the position of the jetted zone. Both projectile shape 
and impact velocity exert control projectile-target mixing. Whereas the disc + sabot impact at 
6.6km/s led to an equal mixing of the projectile and target in the melted ejecta, the sphere + sabot 
impact at 6.9km/s produced spheres dominated by the projectile component. These shots fit well with 
crater volume scaling relationships developed in (2) and extend the previous data set to a higher 
strength regime. The energy partitioned to the impact by the sabot significantly effects crater 
morphology and ejecta distribution for high velocity experimental impacts in the strength regime. 

Since impact velocity and the presence of a sabot are critical controls on ejecta distribution and 
composition, ejecta scaling from experimental recovery experiments will only contribute to our 
understanding of terrestrial impact phenomenon if low strength targets and high velocity flyers 
without sabots are routinely used. 


Shot 

Flyer 

Composition 

Projectile 

Shape 

Impact 

Velocity 

(km/s) 

Peak Shock 
Temperature 
and Pressure 
in Flyer 

Projectile 
Energy 
(J x W) 

Crater 

Volume 

(cm 5 ) 

1 

Fe-Ni-PGE 1 

alloy 

disc + 
sabot 2 

5.9 

1740°C, 

1.7Mb 

7.9 

0.78 

2 

Fe-Ni-PGE 

alloy 

disc + 
sabot 

6.6 3 

2944°C, 

2.2Mb 

9.9 

0.92 

3 

stainless steel 
302 

sphere + 
sabot 4 

6.9 

3088°C, 

2.4Mb 

11 

0.95 

4 5 

stainless steel 
302 

sphere 

6.9 

3088°C, 

2.4Mb 

1.3 

0.15 


'PGE = platinum-group elements (Ir, Ru, Pd, Pt) and Au. 5 The velocity for shot 2 was 
calculated from figure 10 in (2). : Disc inserted flush to impact face of sabot. 4 Sphere protrudes 
from impact face of the sabot by half its diameter (0.11 mm). 5 Weighing and microprobe analysis 
of the ejecta in shot 4 has yet to be performed. All targets were molybdenum. 



Figure 1. Mean Fe/Mo (mass ratio) versus angle of Figure 2. Crater volume scaling relationship (2) with 
ejection (<£, angle from target surface). Error bars present experimental data addedT 
are standard deviation of tne mean. 


(1) Evans, N.J., Ahrens, T.J., Shahinpoor, M. and Anderson, W.W. 1993. Lunar Planet. Sci. Conf. XXIV, 
March 15-19. (2) Holsapple, K.A. and Schmidt, R.M. 1982. J. Geophys. Res., 87, 1849-1870. 
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THEORETICAL ANALYSIS OF THE EXPLOSIVE EMPLACEMENT OF BASALTIC 
MAGMA IN LAVA FOUNTAIN ERUPTIONS: IMPLICATIONS FOR PYROCLAST 
DISPERSAL ON EARTH, VENUS AND MARS; S.A. Fagents and L. Wilson, Environmental 
Science Division, Lancaster University, Lancaster LA 1 4YQ, England, UK. 

Summary. A model has been formulated and implemented as a set of FORTRAN computer 
routines to simulate basaltic lava fountain eruptions. The model is used to make some predictions of 
the types of near-vent structure that should be formed for any given set of eruption initial 
conditions. It is found that the magma mass flux, exsolved volatile fraction and planetary 
environment most strongly control the dynamics of lava fountain activity. The fountain structure, in 
turn, determines the nature and morphology of the resulting volcanic feature, which may involve 
pyroclast coalescence into a lava flow, or the formation of spatter or cinder deposits. The model 
analyses are tested against terrestrial field and remote sensing data and some predictions for 
deposits on Venus and Mars are offered. 

Introduction. It is well established that basaltic volcanism is a fundamentally important 
process operating on the terrestrial planets, both as a mechanism for heat transfer and as a 
resurfacing process. On Venus and Mars, the apparent absence of plate tectonics and surficial 
oceans implies that volcanic activity has even greater significance as a modifying process. 
Terrestrial explosive basaltic eruptions often manifest themselves as hawaiian style lava fountains, 
driven by the escape and expansion of magmatic volatiles, which tear the magma apart and eject the 
pyroclasts from the vent in a gas stream. On any given planet two factors, the exsolved volatile 
fraction and the magma mass flux, most strongly control the fountain dynamic structure and the 
pyroclast size distribution. These factors determine the amount of pyroclast cooling and the rate of 
accumulation at the ground surface [1], which together determine the extent, nature and morphology 
of the resulting deposit. Common deposits include: lava flows or ponds, spatter ramparts or cinder 
cones. In addition, planetary environmental factors (most importantly the atmospheric pressure and 
acceleration due to gravity) also significantly affect the style of eruption [2]. 

Fountain Model. A model has been formulated to simulate the ascent, fragmentation, eruption, 
flight and deposition of basaltic magma in order to explore the variations in the types of near-vent 
structure produced for any given set if magma initial conditions and planetary environment [3]. This 
draws on existing treatments of magma ascent and eruption [4,5] and computations of pyroclast 
trajectories [6], but also incorporates an approximation to the motions of volcanic and atmospheric 
gas induced by the erupting stream of gas and pyroclasts. There exist theoretical [7] and 
experimental [8,9] information on the way in which a jet of fluid interacts with a second fluid 
surrounding it. In this case the volcanic jet entrains the atmospheric gas, which causes a decrease in 
the upward motion of the jet and induces an inward and upward motion in the atmosphere. This 
information has been used to construct a model of the gas flow-field, and once the velocity and size 
distributions of the emerging pyroclasts have been specified, the paths of the pyroclasts through the 
gas flow-field can be computed, taking into account the details of the aerodynamic drag forces 
acting on the clasts. By keeping track of the landing sites of individual pyroclasts, a much more 
accurate prediction of the dispersal of pyroclasts from such eruptions than have been inferred by 
previous workers, who have ignored the presence of such a dynamic gas flow-field and computed 
pyroclast ranges as if in a vacuum [5,10,11]. Simulations have been performed for a wide range of 
values of magma mass flux and exsolved gas fraction, and for planetary environments representing 
the Earth, Venus and Mars. 

Results and Discussion. The table below gives some results of the modeling for the Earth, 
Venus and Mars when the magma mass eruption rate is taken as 10 6 kg s' 1 , the conduit geometry is 
cylindrical and the driving volatile is H 2 0. The figures given for column height represent the height 
at which the upward gas velocity becomes equal to zero (left-hand figure) and 5 m s' 1 (right-hand 
figure). For Venus the eruption velocity and column height are given for a total volatile content of 
1.5 wt%, which is the minimum amount of magmatic gas required for magma fragmentation (and 
hence lava fountain activity) to occur. For the Earth and Mars values are given for volatile contents 
of 1.0 (in the upper end of the range of gas contents occurring in terrestrial basalts) and 1.5 (for 
comparison with Venus). 
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Planet 

Volatile content 
(wt%) 

Eruption Velocity 
(m s’ 1 ) 

Column Height 
(m) 

Venus 

1.5 

57 

>10000 / 2020 

Earth 

1.0 


1900/1850 


1.5 


2380/2300 

Mars 

1.0 

226 

4900/4750 


1.5 

283 

6970/6530 


The values for the eruption velocity clearly show the effect of the planetary atmospheric 
pressure on the exsolution and expansion of magmatic volatiles during mama ascent: on Venus the 
high pressure suppresses gas expansion leading to low eruption velocities, whereas on Mars the 
low pressure leads to much greater exit velocities. Earth represents and intermediate case: a gas 
content of 1 wt% leads to an eruption velocity of ~ 130 m s^ 1 and a column height of ~2 km. The 
computed deposit extends up to ~150 m from the vent, with by far the greatest proportion of 
material falling within a radius of ~50 m. Within this annulus, the accumulation rate is likely to be 
sufficiently high for clast welding and/or coalescence to occur, which suggests that spatter deposits 
and lava flows will be formed. These predictions are in agreement with typical terrestrial deposits 
where the near-vent lava or spatter deposit is often surrounded by a halo of unwelded material. 

On Venus the high atmospheric pressure will suppress gas expansion and retard clast flight 
outside of the fountain column. Within the column the smallest clasts will remain locked to the gas 
motion up to great heights since the upward velocity does not reach zero for a great distance (>10 
km in the example given in the table). This is a result of the greater atmospheric density on Venus 
encouraging convection [10]. However, the courser clasts making up the bulk of the fountain wijl 
fall out close to the vent (within a few vent radii) as a result of the low gas exit velocity (57 m s ') 
which will lead to far denser fountains and more localised deposits. The degree of clast cooling will 
therefore be minimal which, along with the greater accumulation rate of clasts in a more limited 
depositional area, implies a greater likelihood of clast coalescence and flow on landing. 

On Mars, the low atmospheric pressure encourages gas exsolution and expansion in the 
conduit, hence greater eruption velocities. This, coupled with the low gravitational acceleration 
implies greater clast flights and would suggest that clasts undergo a greater degree of cooling. Thus 
one would expect commonly to observe widely dispersed pyroclastic deposits on Mars. However, 
the presence of very extensive lava flows suggests that this is not always the case which, in turn, 
suggests that the likely finer grainsize of martian pyroclasts may be critical in maintaining column 
density and inhibiting cooling of the pyroclasts. An analysis of the dynamics of magma 
fragmentation may provide further insight into the importance of pyroclast size distributions on 
martian lava fountain dynamics. 

We are currently working on the details of venusian and martian lava fountain models and will 
present a comparison of the results of analyses of lava fountain eruptions on the Earth, Venus and 
Mars with the aim of gaining a better understanding of the modes of formation of observed basaltic 
features. 

References. [1] Head J.W. and Wilson L. (1986) J. Volcanol. geotherm Res., 37, 261-271. [2] Wilson L. 
(1984) Vistas in Astronomy, 27, 333-360. [3] Fagents, S.A. Ph.D. thesis in preparation. [4] Wilson L. et al. 
(1980) Geophys. J. Roy. astr. Soc., 63, 117-148. [5] Wilson L. and Head J.W. (1981) J. geophys. Res., 86, 2791- 
3001. [6] Wilson L. (1972) Geophys. J. Roy. astr. Soc., 30, 381-392. [7] Prandtl L. (1954) Essentials of Fluid 
Dynamics, Blackie & Son Ltd., London. [8] Thring M.W. & Newby M.P. (1952) 4th Symposium on Combustion, 
Cambridge, Mass., 798. [9] Morton B.R. et al. (1956) Proc. Roy. Soc. Lond., A234, 1-23. [10] Head J.W. and 
Wilson L. (1986) J. geophys. Res., 91, 9407-9446. [11] Wilson L. et al. (1982) ESA SP- 185, 107-113. 
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Mg and Ti Isotopic Compositions of CAI's from the Unusual Chondrite Acfer 214. 

A. Fahey 1, and F. Wlotzka 2 lunatic Asylum, Division of Geological and Planetary 
Sciences, California Institute of Technology, Pasadena, CA 91125, 2 Max-Planck-Inst. f. 
Chemie, Mainz, F.R. Germany. 

Three Calcium-Aluminum-rich Inclusions (CAI's) have been identified in a thin 
section of Acfer 214. These inclusions have been examined in the S.E.M. and their major 
element compositions determined. Magnesium and Ti isotopic compositions were 
determined with the Caltech Ion Probe. Evidence for 2f >Mg* was present in only one 
inclusion. Ti isotopes are normal in all 3 inclusions. 

CAI-2 is ~ 120pm in diameter. The core region of CAI-2 consists mainly of 
hibonite that is intermixed with a Si-bearing, more Ca-rich phase similar to melilite. The 
divisions between these phases does not show obvious crystal boundaries. There are 3- 
5pm perovskite grains poikalitically enclosed in the core and near the edge of the 
inclusion. The core region itself has a compact texture whereas voids are present around 
the periphery of the inclusion. CAI-3 is ~60pm in diameter and consists mainly of an 
intimate intergrowth of melilite and hibonite. The hibonite and melilite do not show sharp 
crystal boundaries. Perovskite crystals are poikalitically enclosed in the melilite and 
hibonite. There are two regions that contain distinct hibonite crystals separated by voids. 
In addition, there is Fe-Ni-S-rich material in cracks and regions near the edge of the 
inclusion. CAI-4 (~130gm in diameter) has a compact texture and a core consisting 
mainly of melilite. Perovskite and spinel crystals are found throughout the melilite. 
Hibonite is also present near the rim and is intergrown with spinel. A perovskite-spinel 
rim surrounds part of the inclusion. 

Magnesium isotopic measurements were made with the Caltech ion probe at a 
mass resolving power of Am/m — 3500, sufficient to resolve interferences at the masses 
of the Mg isotopes. Madagascar hibonite was measured as a Mg isotope standard. The 
measured instrumental mass fractionation was: F Mg = -6.8 ± 1.1 %o. The measured 5 26 Mg 
was computed via a linear mass fractionation law. The average 8 2 ^Mg = 0.4 ± 1.6 %o 
( 2a mean) for Madagascar hibonite relative to 26 Mg/ 24 Mg = 0.13932 [1], Titanium 
isotopic measurements were made at a mass resolving power of Am/m - 6100 sufficient 
to ensure that the interference due to the tail of 48 Ca at the center of 48 Ti was < 1 %o (see 
Figure 2). The interference due to 48 Ca was monitored on the low mass tail of 48 Ti and 
by measuring 44 Ca. In addition, a correction for 46 Ca was made. Interferences at mass 
50 due to V and Cr were monitored at masses 51, 52, and 53 respectively. Corrections 
were applied to the signal measured at mass 50. Corrections due to V and Cr were 
generally small for the meteoritic material (~1 %o). Madagascar hibonite and terrestrial 
perovskite were measured as standards. A power law mass fractionation correction was 
applied to the interference-corrected isotopic ratios [2], The measured values for 
Madagascar hibonite were S 47 Ti = -0.7 ± 4.3, 5 49 Ti = -2.5 ± 3.1, and 8 50 Ti = -0.4 ± 3.3, 
and for the terrestrial perovskite were S 47 Ti = -1.2 ± 3.4, 5 49 Ti = 0.5 ± 2.1, and 8 50 Ti = - 
0.3 ± 1.9 (errors are 2a mean ). The standard ratios were from Neiderer et al. 1981 [3], 

Figure 1 shows the Al-Mg data for CAI-4. These data plot along a line of slope 
(3.3 ± 0.4) X 10' 5 (2a mean ). The intercept of the line is not terrestrial within the errors. 
This is an indication that the inclusion may have been re-equilibrated during the decay of 
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26 ai. CAI-2 and CAI-3 show no excess 26 Mg within the errors of the measurement and 
show no significant intrinsic mass fractionation. Perovskite, and in some inclusions 
hibonite, was measured for its Ti isotopic composition in each of the three Acfer 214 
inclusions. All of the inclusions measured show a "normal" Ti isotopic composition. 

Acfer 214 CAI-4 was the only one of the three inclusion studied here that showed 
evidence of radiogenic 26 Mg. This is the first evidence of radiogenic 26 Mg in Acfer 214, 
although 26 Mg* has been found in Acfer 182, which is generally considered part of the 
same meteorite (e.g. see [4]). CAI-4 has a significantly different texture than that of the 
other two inclusions. CAI-2 and CAI-3 have unusual intergrowths of hibonite and 
(perhaps) melilite where the two phases appear to "blend" into one another rather than 
showing sharp crystal boundaries. Further measurements, especially for REE abundances, 
will be made to further constrain the history of these inclusions. 

[lJCatanzaro et al. (1966), J. Res. Nat. Bur. Stand , 70a, 453. [2]Fahey et al. (1987) GCA, 51, 329. 
[3]Neiderer et al (1981), GCA, 45, 1017. [4]Palme and Spettel (1993), Meteoritics, 28,272. Division 
Contribution #5360 (835). NASA NAGW-3297. 
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WILL THE REAL ASTEROID SIZE DISTRIBUTION PLEASE STEP FORWARD 

P. Farinella 1 and D. R. Davis 2 

1. Observatoire de la Cote d'Azur, Nice, France 

2. Planetary Science Institute, Tucson, Arizona 

The nature of the asteroid size distribution has been a question following the discovery of the 
second asteroid in the region between Mars and Jupiter, 192 years ago. Observationally based 
studies of the asteroidal size distribution have been carried out in the past 4 decades (Kuiper et al. 
1958, Ap. J. Suppl. 3, 289, MDS; Van Houten et al. 1970, A&A Suppl. 2, 339, PIS; Cellino et al. 
1991, MNRAS 253, 561). On the theoretical side, Dohnanyi (1969, JGR 74, 2531) showed how 
a collisionally relaxed system should be distributed assuming that the collisional outcomes were 
independent of size. Recently, with the Galileo encounters of asteroids Gaspra and Ida returning 
the first spatially resolved images of mainbelt asteroids, a number of interesting scientific questions 
arose whose answers depend on the asteroidal size distribution. Various workers have made a 
variety of assumptions about this distribution and we review these assumed distributions in light 
of what is really known about asteroids sizes. 

The available sample of numbered asteroids is probably nearly complete only for diameters D 
larger than about 44 km (Cellino et al. 1991). According to the Cellino et al. work, some 600 - 
700 asteroids exist with D > 50 km. Different models have been recently used to extrapolate the 
size distribution down to sizes of the order of 10 m (the projectiles producing the smallest resolved 
craters on Gaspra and Ida). Three recently used models are (see Fig. 1): 

Farinella et al. (1992, A&A 257, 329) estimated the collisional lifetime of Gaspra by assuming 
a cumulative number N(D > 50 km) = 700, and using the cumulative slopes —1 (as found 
by Cellino et al. between 44 and 145 km) for 50 km > D > D tr and -2.5 (the collisional 
equilibrium slope found by Dohnanyi) for D < D tr . For D tr = 10 and 25 km, this yields 
N(D > 1km) = 1.1 and 4.4 million, respectively. These are cases (1) and (2) in Fig. 1; cases 
(3) and (4) represent similar but more extreme assumptions, i.e. D tr = 1 km and D tr = 40 
km. 

2. The size distribution for the current belt population derived by Davis et al. (1993, Planet. 
Space Sci., in press) by extrapolating the known population at D = 44 km with the geometric 
mean of results coming from the PLS cumulative slope assuming constant albedo (-1.95) and 
from a conected random albedo model according to Cellino et al.. The extrapolation was 
extended only down to D = 5.5 km, with N(D > 5.5 km) = 64,300. If this is further extrap¬ 
olated with cumulative slopes of -1.95 and -2.5 (the best-fit PLS value and the Dohnanyi 
value), we get N(D > 1 km) = 1.8 and 4.6 million, respectively. 

3. The Galileo team (1992, Science 257, 1647) used differential slopes -2.95 (PLS) for D > 
0.175 km and —3.5 (Dohnanyi) for D < 0.175 km. From their assumed flux of D > 0.1 km 
projectiles on Gaspra, one can normalize the distribution and obtain N(D > 1km) = 2.53 
million and h (D > 50 km) = 1230. Thus their large-size population is overestimated by 
almost a factor 2 with respect to the real one. With a mean intrinsic collision probability of 
Pi = 2.8 x 10 18 yr 1 km ', a mean radius R = 6 km and a minimum shattering projectile 
diameter of 0.35 km, the Galileo team population yields N(D > 0.35 km) = 1.96 x 10 7 and 
an expected lifetime of Gaspra [P,R 2 N(D > 0.35km)] -1 of about 500 Myr, as stated in 
the Science paper but this estimate should be viewed as very uncertain and population- 
dependent. 

Actually, the available models suggest that the Galileo team population estimate is uncertain by 
about an order of magnitude in the diameter range between 1 and 10 km, and more so at smaller 
sizes, as different slopes can be used in the extrapolations. Note that the size distribution of 
fresh craters on Gaspra would suggest a very steep —3.3 cumulative slope for 0.0 i < D < 0.1 km 




366 LPSCXXV 

ASTEROID SIZE DISTRIBUTION; P. Farniella and D.R. Davis 


(Chapman et al., 1994. in press). On the other hand, Ida’s craters give only a lower limit of about 
— 2 to the cumulative slope in the same range, as the crater distribution is probably in equilibrium. 

It is interesting to note that the size-frequency distribution of the observed asteroids does not 
follow the theoretical steady state slope predicted by Dohnanyi, i.e. a —2.5 cumulative diameter 
exponent. This is due at least partly to the violation of Dohnanyi’s fundamental assumption about 
the size—independence of the collisional physics. Modern scaling theory suggests that collisional 
physics does depend upon size — and certainly gravity is a factor in how much collisional energy 
is required to disrupt a body. Also, variable slopes can result from a small-size cutoff of the 
distribution related to the production/removal of very small particles (Campo Bagatin et al. 1994, 
Planetary Space Sci., in press). Much further work is needed to: 1) determine observationally the 
size distribution of asteroids down to much smaller sizes and 2) understand theoretically what are 
the important physics for collisonally disrupting bodies of different sizes. L ntil we have such an 
improved understanding of the asteroids, authors should be aware of the implications of differing 
assumptions about the size distribution of asteroids on their calculations of cratering fluxes, asteroid 
lifetimes and ages, fragment yields to resonant orbits, etc. 



Figure 1. Various estimates of the asteroid size distributions. 
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EXOPALEONTOLOGY AND THE SEARCH FOR A FOSSIL RECORD ON MARS; 

J. D. Farmer, D. J. Des Marais, NASA-Ames Research Center, MS 239-4, Moffett Field, CA 
94035-1000 

Although present Martian surface conditions appear unfavorable for life as we know it (1), there is compelling 
geological evidence that the climate of early Mars was much more Earth-like, with a denser atmosphere and abundant 
surface water (2). The fact that life developed on the Earth within the first billion years of its history (3) makes it 
quite plausible that life may have also developed on Mars (4). If life did develop on Mars, it is likely to have left 
behind a fossil record. This has called for a new subdiscipline of paleontology, herein termed "exopaleontology" (5), 
which deals with the exploration for fossils on other planets. The most important factor enhancing microbial 
fossilization is the rapid entombment of microorganisms by fine-grained, stable mineral phases, such as silica, 
phosphate or carbonate. The oldest body fossils on Earth are preserved in this way, occurring as permineralized cells 
in fine-grained siliceous sediments (cherts) associated with ancient volcanic terrenes in Australia and South Africa 
(6,7). Modem terrestrial environments where minerals may precipitate in the presence of microorganisms include 
subaerial thermal springs and shallow hydrothermal systems, sub-lacustrine springs and evaporitic alkaline lakes, 
zones of mineralization within soils where "hardpans" (e.g. calcretes, silcretes) form, and high latitude frozen soils or 
ground ice. 

Subaerial thermal spring deposits are key targets for a fossil record on Mars (8) because high rates of mineral 
precipitation may occur together with microbial activity. Volcanic terrenes are widespread on Mars and some 
possess outflow channels that may have formed by spring sapping (9). The association of such features with 
potential heat sources, such as volcanic cones or thermokarst features, is evidence for the past existence of 
hydrothermal systems on Mars. Siliceous sinters are very favorable for preserving fossils because they are generally 
fine-grained and relatively insoluble under a neutral to alkaline pH. Common subaerial spring minerals include silica 
and carbonate, in addition to a number of hydrothermal clay minerals, formed by the alteration of host rocks. These 
minerals have characteristic spectral signatures in the Near- to Mid-IR. In addition, epithermal ore deposits have 
been identified using airborne magnetometers (10). The identification of thermal spring deposits from would gready 
facilitate site selection for Mars exopaleontology. 

Although rates of organic matter degradation appear to be quite high in thermal environments, a great deal of 
biological information is preserved in thermal spring sinters as macroscopic biosedimentary structures (stromatolites) 
and biogenic microfabrics (8,11). Many of the primary biogenic features of sinters survive diagenesis and we have 
recognized them in rocks as old as 350 Ma. The fluid inclusions contained in thermal spring deposits sample 
primary liquid and vapor phases, and potentially, also microorganisms and biomolecules (12). 

Sublacustrine spring carbonates (tufas) are deposited at ambient temperatures where fresh water emerges as 
springs from the bottom of an alkaline lake. Precipitation rates are often high enough to entomb associated 
microbial mat communities. In contrast to sinter deposits, tufas often contain abundant microbial fossils and 
organic matter (5). Sublacustrine springs are also common in volcanic settings, in association with crater and 
caldera lakes. Such volcani-lac us trine deposits are frequently heavily mineralized and include some of our best 
examples of well preserved terrestrial communities (13). In pluvial lake basins in western North America, 
sublacustrine springs are particularly common along the distal edges of alluvial fans where they enter alkaline lakes. 
Fresh water typically enters the upper portions of alluvial fans, moving downslope through unconfined aquifers, and 
emerging at shallow depths along the lake shore margin (14). If lake basin shales are deposited on coarser deltaic 
sediments, say during a previous lake high stand, they may form an aquaclude, favoring the development of an 
artesian spring system and high rates of spring mineralization. With a confined aquifer, springs may emerge at a 
greater depths in the lake, rising along faults of other natural fracture systems. Fresh water may also be forced to the 
surface by density differences, rising over wedges of saline water formed during periods of intense evaporation (15). 
Such models are being applied in a general way to lake basins on Mars, in order to identify potential targets for 
orbital imaging and to develop strategies for surface exploration (16). 

When evaporites crystallize from solution, they commonly entrap salt-tolerant bacteria within inclusions of 
brine. Evaporites have been suggested as potential targets for extant life on Mars (17), although debate persists 
regarding the long term viability of microorganisms in salt. Still, brine inclusions offer an excellent environment 
for preserving fossil microbes and biomolecules. The disadvantage of evaporites is that they are easily dissolved and 
tend to have short crustal residence times, particularly where there is an active hydrological system. Thus, most 
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Precambrian evaporites are known from crystal pseudomorphs that were preserved by early replacement with silica or 
barite. The most likely places for evaporites on Mars are terminal lake basins, including impact craters and volcanic 
calderas, where standing bodies of water may have accumulated under arid climatic conditions. Evaporites possess 
characteristic spectral signatures in the Near-IR (18) and such data could be aquired from orbit 

Most terrestrial soils contain abundant microorganisms, and microfossils and biogenic fabrics are often 
preserved in hard pan deposits (19). This occurs as surface water percolates downward through soils, soluble 
compounds are dissolved from upper zones and re-deposited at depth forming mineralized soil horizons or hard-pans 
of carbonate, or under wetter climates, Fe- and Al-oxides. The Viking biology experiments suggest that surface soils 
on Mars are highly-oxidizing and destructive to organic compounds. However, mineralized soil horizons could 
protect fossil organic matter from oxidation and should not be overlooked as potential targets for exopaleontology. 
Interestingly, at the Viking Lander 2 site, soil exhibit surface crusts suggestive of cementation (20). 

Although ice may also afford protection to organic matter against oxidation, the long term "cryopreservation" 
of organisms seems unlikely given the tendency of ground ice to be lost by sublimation under the present Martian 
climate. Climate models, supported by geomorphic evidence, suggest that ground ice on Mars is presently unstable 
at latitudes <40 degrees (21). This restricts potential target areas for fossiliferous ice to high latitudes. Given the 
potential for periodic global warming on Mars, it difficult to evaluate the time range over which ground ice and 
frozen soils may have been stable; thus, ice is given a lower priority for exopaleontology than the other mineral 
deposits mentioned. 

In exploring Mars for molecular fossils, priority should be given to sedimentary deposits that are the most 
likely to have maintained a closed chemical system after deposition. Fine-grained marine and lacustrine sediments 
(e.g. shales, mudstones) tend to exhibit higher organic contents and low permeabilities. Certain classes of clay 
minerals selectively bind molecules (e.g. biogenic ammonia) as interlayer cations, thereby retaining a signature of 
the original biological environment long after organic matter has been thermally degraded (22). Compaction of fine¬ 
grained sediments, accompanied by early mineralization (cementation), may further reduce permeability, promoting 
the preservation of organic materials. Precambrian microorganisms and even macroalgae are often preserved as 
organic impressions in shales or fine-grained volcanic ash, attesting to the ability of such sediments to protect 
organic materials from oxidation. Potential targets on Mars for organic-rich shales include prodelta and deeper water 
facies of terminal lake basins (16) and possibly volcanic ash deposits within volcani-lacustrine sequences. 


References: (1) Klein, H. P. (1992) Orig. Life Evol. Biosphere 21, 255-261; (2) Pollack, J. B., et al. (1987), Icarus 
71, 203-224-, (3) Oberbeck, V.R. and Fogleman, G. (1989), Orig. Life Evol. Biosphere 19, 549-560; (4) McKay, 
C P. and Stoker, C.R. (1989), Rev. Geophys. 27, 189-214; (5) Farmer, J.D. and Des Marais, D.J. (1993), Case for 
Mars V, 33-34; (6) Awramik, S.M. et al. (1983), Science 20, 357-374; (7) Walsh, M.M. and Lowe, D.R. (1985), 
Nature 314, 530-532; (8) Walter, MU. and Des Marais, DJ. (1993), Icarus 101, 129-143; (9) Carr, M.H. (1981), 
The Surface of Mars, Yale Univ. Press, 232 pp.; (10) Goetz, A.F.H. et al. (1983), Econ. Geol. 78, 573-590; (11) 
Farmer, J.D. and Des Marais, D.J. (in press), ia Stal, LJ. and Caumette, P., eds., Microbial Mats. Structure, 
Development, and Environmental Significance, Springer-Verlag; (12) Bargar, K.E. et al. (1985), Geology 13, 483- 
486; (13) Rolfe, W.D.I. et al. (1990), Geol. Soc. Amer. Spec. Paper 244, 13-24; (14) Blevins, M.L. et al. (1987), 
Los Angeles Dept, of Water and Power, Unpubl. Rept. (March 1987); (15) Rogers, D.B. and Dreiss, S.J. (1993) 
Geol. Soc. Amer., Abstracts 25(6), 183; (16) Farmer, J.D. et al. (in press) in Greeley, R., ed„ Mars Landing Site 
Catalog, NASA Ref. Publ. 124\ (17) Rothchild, LJ. (1990), Icarus 88, 246-260; (18) Crowley. J.K. (1991), Jour 
Geophys. Res. 96 (B10), 16,231-16,240; (19) Jones, B. and Kahle, C.F. (1985), Journ. Sed. Pet. 56, 217-227; (20) 
Moore, H. J. et al (1987), U.S. Geol. Survey Prof. Paper 1389, 22 pp.; (21) Squyres, S.W. and Carr, M.H. (1986), 
Science 231, 249-252; (22) Compton, J.S. et al. (1992), Geochem. Cosmochem. Acta 56, 1979-1991. 
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DIAPLECTIC TRANSFORMATION IN C1INOPYROXENE 
(PUCHEZH-KATUNKY ASTROBLEME,RUSSIA). V.Feldman, S.Kotelniokov, 
L.Sazonova, E. Guseva. Moscow State University, Russia. 

Diaplecic transformation in clinopyroxene have been 
studied in the Yorotilovo core hole (Puchezh-Katunky 
astrobleme, Russia) at the depth of 0,5-5,2 km under 
P shock =0,5_5 ° GPa respectively. Planar fractures, planar 
elements, mechanical twinnings, impaot-thermal decomposition 
with the formation of new mineral aggregate have been observed 
in this pyroxene. 

Puchezh-Katunki astrobleme is situated in the Volga 
region about 100 km, north from the town of Nizhnii Novgorod [1], 

Clinopyroxene is one of the minerals of Archean 
amphibole-plagioclase schists which make the astrobleme target 
together with plagiogneisses and biotite gneisses. 

Clinopyroxene is a reliot mineral of facies of granulite 
metamorphism and it is present in schists in quantities from 
tenth to 20-30$. The microprobe analyses have shown that the 
clynopyroxene composition in the studied samples has not gone 
essential transformations under the shock loading and changes 

in the following limits: ^34.42^ 2 -20 Wol 42-47* The ti P ical 
chemical composition of CPx'has been given in table. 

The shock loading has been estimated by quartz 
transformation [2] in gneisses interbedding with schists. With 
shock loading increase characteristic diaplectic 
transformations have been observed in pyroxene. Planar 
fractures and planar elements appear at shock loadings more 
than 15-20 GPa. Under all shock loadings the planes (110) and 
(001) are present, and the quantity of other planes - (121), 

( 221 ), ( 100 ), ( 010 ), (Toi), (217), (1lT), (OlT), (143), (321 ), 

(211), (211) varies in different samples but in general has 
the tendenoy of increasing with Pg^ook increasing. Mechanical 
twinnings on (001) plane have often been observed, the part of 
grains with such twinnings increasing with P shock increasing 
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up to 30-35% at 35-4-OGPa. The angle of optical axes (2V Ng ) 
decreases from 62° at 0.5 GPa to 55° at 40-45 GPa • 

Isotropization and diaplectic glasses are not observed in 
pyroxene. Instead of it impact—thermal decomposition of 
clinopyroxene with the formation of ultrathin grain (1—5 mkm) 
agggregate of secondary minerals begins approximetely at 50 
GPa. This aggregate includes amphibole, plagioclase, secondary 
clinopyroxene and magnetite (table). The ratio of gross 
aggregate composition and that of initial pyroxene have shown 
that secondary association require Si, Fe outward migration and 
on this account enrichment of it by Al. The temperatures 
of formation of such aggregates estimated by Amf-Pl and 
Amf-cPx thermometers [3] are 840°-880°C. It should be noted 
that complete decomposition of pyroxene in the studied shock 
loading interval is seldom observed. 

[1], Feldman V.I. et al., Abstr. XXIII LPSC, Houston, 1992, 
p.351-352. [2]. Feldman Y.I. Petrology of impactites, Moscow, 
MSU, 1990, 299p. (in Russian). [3]Perchuk L.L., Rjabchikov 
I.D. Phase corespondence in mineral systems. Moscow, 1976, 
287p.(in Russian). 

Chemical composition (weight %) of CPx and that of its 
shock-thermal decomposition products in the rocks of the 
Puchezh-Katunky astrobleme. 


Oxides 

CPx from 
target 

PI from 
target 

Minerals 

Cpx, 

from aggregate 
^shock - 50Gpa 

after 

CPx 

Amf 

PI 

Mgt 

Si0 2 

51 .39 

61 .13 

51 .67 

54.55 

56.15 

0.20 

Ti0 o 

0.28 

0.01 

0.58 

0.10 

0.10 

5.20 

c 

A1 o 0q 

2.43 

23.69 

2.61 

24.58 

26.65 

1 .84 

FeO 

11 .41 

0.08 

8.02 

3.42 

0.96 

91 .01 

MnO 

0.32 

0.19 

0.46 

0.09 

0.07 

0.85 

MgO 

11 .33 

— 

15.51 

2.40 

— 

0.30 

CaO 

21 .82 

5.88 

20.43 

9.74 

9.85 

0.43 

Na 2 0 

0.87 

8.08 

0.59 

4.77 

5-92 

0.16 

1^0 

0.11 

1 .04 

0.13 

0.35 

0.39 

0.03 
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Modeling the Space Weathering-Induced Optical Alteration of Lunar 
SOILS: FIRST Results; Erich M. Fischer, Carle M. Pieters and Stephen F. Pratt; Department 
of Geological Sciences, Brown University, Providence, RI02912. 

Introduction: On atmosphereless bodies such as the Moon, space weathering processes alter the optical 
properties of the surface material and consequently greatly interfere with accurate remote compositional 
interpretation. These optical effects increase systematically with increasing exposure and are superimposed upon 
spectral properties diagnostic of mineralogy. Because the optical properties of lunar soils are a function of both 
degree of surface exposure as well as composition, in order to accurately assess the composition of lunar soils 
using remotely acquired visible and near-infrared spectroscopic data, it is necessary to develop a physical model 
which quantitatively describes the alteration of lunar soil optical properties with exposure. A related issue is the 
need to determine what within the soil is responsible for altering the optical properties. Although work in the 
1970's (i.e., I;2;3;4;5;6) initially addressed these issues, recent work by Fischer and Pieters (7;8), Pieters et al. (9) 
and Hapke (10) have refocussed attention on this subject and underlined the need for detailed analyses relating the 
petrographic and chemical features of soils at different evolutionary stages to their optical properties. To these 
ends, a consortium of collaborating scientists from Brown University (E.M. Fischer and C.M. Pieters), the Johnson 
Space Center (D.S. McKay, L.P. Keller, R.V. Morris and S.J. Wentworth) and Indiana University (A. Basu) has 
been formed. Described here are the first results of modeling lunar optical alteration using a suite of Apollo 16 
soils. 

The Apoll o 16 soil suite: In order to investigate and model the source of lunar soil optical alteration, a suite 
of five Apollo 16 soils of similar chemical compositions, but varying exposure ages was identified by the 
spectroscopy group at Brown (soils 61221, 67461, 67701, 63321 and 64801). The assumption underlying this 
analysis is that these five soils can be considered to be equivalent soils observed at different stages of evolution 
(spectroscopically, this appears to be a tenable assumption with the exception of 67461, which will therefore be 
excluded from this discussion). A goal of the consortium is to characterize in detail the petrographic, chemical and 
optical changes a soil (or soil components) of given composition undergoes with increasing exposure at the lunar 
surface. Of particular interest is to quantitatively relate the physical and chemical properties of the soils to optical 
properties. To date, four of the five soils have been sieved in freon to a range of size fractions extending from 500- 
1000pm to clOpm, have been measured for I s by ferromagnetic resonance (to characterize the degree ot exposure), 
and have been spectroscopically measured from 0.3pm to 2.6pm (soil 63321 has not yet been analyzed). In 
addition, petrographic and chemical data are currently been collected. 

Spectral properties of. size fractions: Shown in Fig. 1 are spectra of the bulk and size fractions of sub¬ 
mature soil 67701 (obtained at incidence=30° and emergence=0° with the RELAB bi-directional spectrometer). 
The spectral systematics between the size fractions of 67701 are essentially identical to those of the other soils in 
the suite. These particle size analyses of the Apollo 16 soil suite substantiate the conclusion of Pieters et al. (9) 
from study of size fractions of Apollo soil 10084 and three Luna soils that the spectral properties of the fine 
fraction (particles <25pm or <45pm) are most equivalent to the spectral properties of the bulk soil. The Pieters et 
al. study, however, did not separate particles less than 25pm in diameter and thus did not address the role of the 
very finest fraction - particles <10pm. In the current study, the soils are sieved to <10pm. The spectral properties 
of the <20pm, 10-20pm and <10pm fractions are found to be notably different from each other and from the 
systematics that characterize the spectral properties of the larger size fractions. Particles in the 10-20pm range 
exhibit among the steepest continuum slopes of the size fraction suite, and are characterized by slightly more 
prominent absorption bands than the bulk soil. The spectral properties of the <10pm fraction are the most unique - 
- characterized by a distinct flattening towards longer wavelengths and exhibiting virtually no 1pm and 2pm 
absorption features. Measurement of the <10pm fraction at forward scattering geometries as well as with various 
surface textures yields spectra of similar shape, indicating that the spectral character of the <10pm fraction is an 
inherent property of the material and not dominantly a sample surface effect. 

Optical modeling: Shown in Fig. 2 are spectra of the bulk clOOOpm soils 61221, 67701 and 64801. As 
described above, the fundamental assumption of this analysis is that these soils can be considered to represent 
different stages of soil evolution. To analyze the variation of optical properties with exposure, a model of the 
following form was developed: 

ln(R c *100) = (ln(R 5=mat *100» (1 - k * (70 ' O) 

where £ equals the value of Is/FeO, equals the reflectance of a soil of £ Ij/FeO at a given wavelength, R;=mat is 
the reflectance at the same wavelength of a mature soil of the same chemical composition, and k is an "optical 
alteration constant" for the given wavelength. For the purposes of this analysis, it is assumed that soils are at an 
"optical steady-state" at Is/FeO>70 (C=70 for Is/FeO£70; see (8)). Performing a grid search to solve for k (and 
R ?=mat) using the spectra and Ig/FeO values of the three soils in Fig. 2 as model inputs, the optical alteration 
constant curve illustrated in Fig. 3 was calculated. Use of the natural log of the reflectance rather than the 
reflectance alone appears to linearize the change of optical path length resulting from varying absorption 
coefficient; consequently, the optical alteration constant curve exhibits little to no residual absorption features. 
Using reflectance instead results in a curve for k which exhibits significant absorption features — unrealistic for the 
concept of k as a rate constant in the model above. 
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Employing the optical alteration constant k in a forward modeling sense, a suite of spectra can then be 
calculated representing the optical evolutionary states of a soil of composition similar to soils 61221,67701 and 
64801 (Fig. 4). The optical alteration constant calculated for the three soils in Fig. 2, however, is not directly 
applicable to soils of other compositions (not shown). This indicates that the model in its present form requires 
m odifi cation in order to describe the optical alteration of lunar soils in a more generic manner. Nevertheless, this 
analysis shows extreme promise for providing the ability to normalize and eventually remove the optical 
contribution due to exposure at the lunar surface. This in turn will ultimately lead to the fundamentally important 
capability to accurately quantify lunar surface composition using remote visible and near-infrared spectroscopy. 


Acknowledgements: This material is based upon work supported under a National Science Foundation Graduate 
Fellowship (EMF). EMF would also like to thank the Lunar and Planetary Institute for a summer LPI Visiting Graduate 
Fellowship, during which a portion of this work was undertaken. This research was also supported by NASA grant NAGW- 
3079 (CMP). RELAB is supported by NASA as a multi-user facility under Grant NAGW-748. 
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4 163-177; 3) Gold T. et al. (1974) Proc. LSC J, 2413-2422; 4) Hapke B. et aL (1975) The Moon 13. 339-353; 5) Charette 
M P et al (1976) Proc. LSC 7, 2579-2592; 6) Adams J.B. et al. (1979) LPSC X, 1-3; 7) Fischer E.M. and Pieters CM. 
(1993) LPSC XXIV, 477478; 8) Fischer EJvf. and Pieters C.M. (1994) Remote determination of exposure degree mkI iron 
concentration of lunar soils using VIS-NIK spectroscopic methods. To be submitted to Icarus', 9) Pieters C.M. et al. (1993) 
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Fig. 1: Spectra of bulk soil 67701 and size fractions @ 
i=§0° e=0°. Particle size is shown in microns on the 
right. The <20pm fraction is excluded for clarity. 
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Fig. 2: Spectra of bulk soils 61221, 67701 and 64801. 
IJteO measured for these analyses is shown on the right 
(R.V. Morris, unpublished data). 



Fig. 3: The "optical alteration constant" k calculated 
for the soils shown in Fig. 2. 
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Fig. 4: A suite of calculated spectra (solid Unes) 
representing the optical evolutionary states^ of the 
Apollo 16 soil suite. Dashed spectra are actual bulk soil 
spectra (see Fig. 2). yFeO is given on the right Actual 
and calculated spectra for I,/FeO-78 are identical. 
Slight misfit results from the relative redness of 67701. 
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GRAIN-SIZE FRACTIONS OF SiC IN MURCHISON ARR: A METHOD FOR THE 
ANALYSIS OF CARBON AND ITS ISOTOPES BY STEPPED COMBUSTION; A.V. Fisenko, 
A.B. Verchovsky L.F. Semjenova, J.W. Arden 1 and C.T. Pillinger 2 . Vernadsky Institute! 
Moscow, Russia, 2 Dept. of Earth Sciences, Oxford University, Oxford, U.K. 2 Planetary Sciences 
Unit, Dept, of Earth Sciences, The Open University, Milton Keynes, U.K., 

A technique is described for obtaining stepped combustion release profiles and isotopic 
measurements from small samples of silicon carbide separated according to grain size. Preliminary 
results for the 0.2 to 0.8 pm fraction of Murchison are presented; they suggest that the bulk of the 
SiC in this meteorite is < 0.2|im in size. 

It is now quite clear that interstellar SiC in primitive chondrites has a wide size distribution. 
Individual grains of different dimensions have been studied by ion probe [eg. 1] whilst aliquots of 
size separated material have been used from noble gas studies employing stepped heating for 
extraction purposes [eg. 2], SiC has also been investigated on many occasions by the technique of 
stepped combustion. So far any effort to correlate the carbon yield and 8 1 ^C measurements 
obtained by the combustion method with the ion probe and other data on size fractions has up to a 
point relied on intuitive or circumstantial arguments. The most relevant results derive from studies 
of an acid resistant residue (ARR) from the Indarch meteorite [3] and the analysis to two small 
ARR fractions from the Murray carbonaceous chondrite [4,5], Information of the type we seek is 
vital to the separation, understanding and characterisations of various types of interstellar grains so 
that the relative proportions of contributions to the early solar system can be established. 

Now that static vacuum mass spectrometers are routinely employed for carbon and nitrogen 
isotope measurements at the picomole to nanomole level, it should be feasible to bum relative small 
(sub-microgram) aliquots of SiC to ascertain their stepped combustion properties, isotopic 
composition and trace nitrogen abundance and 8 ^N values with an eventual aim of correlating with 
noble gas and other data. The major problem with pursuing such an ambition is processing small 
specimens without losing or contaminating them. Herein we describe a preliminary investigation of 
a procedure for treatment of acid resistant residues, which involves minimal handling of grain size 
fractions destined for analysis by the stepped combustion method. 

The method is based on the use of Millipore (Millipore Corporation, Bedford, MA) membranes 
with the capability of filtering submicron particles. Murchison ARR was obtained by our usual 
HF/HCL/Cr 2 07 2 - and HC 10 4 (180°C) treatment. Before separation of SiC, the colloidal diamond 
was removed in aqueous ammonia. A suspension of the coarse fraction containing SiC and oxide 
grains was passed through a 1 cm diameter, 0.8 |nm, Millipore filter and then a 0.2 (im filter, using 
a syringe and stainless steel membrane support. The material collected on the 0.8 |am membrane 
was designated MF-1; that on the 0.2 |im filter (grains between 0.2 and 0.8 |im)MF-2. After 
drying, sectors cut from the membrane MF-2 were taken for carbon isotope analysis but first they 
were treated with C^Oj 2 - (80°C) and HCIO 4 to destroy the organic substrate in situ in the quartz 
tube to be employed for the combustion. In one case MF-2A, perchloric acid at 80°C for 30 
minutes was also used; in another, the sample MF-2B was left for 12 hours at 20°C with perchloric 
before heating to 80°C for 30 minutes. As a further precaution, the quartz vessel was combusted 
repeatedly at 600° C to remove any last vestige of filter material or other terrestrial contaminant, 
before the stepped combustion proper was carried out. 

In the figure, we compare the stepped combustion analyses for MF-2A and MF-2B with the 
stepped combustion of a Murchison ARR similar to the one from which they were derived. Both 
the samples of 0.2 to 0.8 |im grains revealed a maximum carbon yield from combustion at between 
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1200 to 1250°C. MF2A gave a maximum 5^ 3 C of +1414 %o at this temperature comparable to the 
plateau value for the bulk residue. We were unable to obtain isotope measurements for the 
maximum carbon released between 1200 and 1250°C for MF2B because of an analytical problem 
but the 1150 to 1200°C step, (the second largest yield) gave a 5 13 C of + 1224%o. The replicate 
release profiles we obtained for MF-2A and 2B are matched almost identically by that from a 
combustion performed for a sample of synthetic silicon carbide nominally less than 1 pm in size 
[ 6 ], (see dotted profile compared to MF-2B). A clear difference between MF-2A and 2B is the 
presence of a small amount of carbon with 8 13 C up to +1345%o burning at 800°C. Since the 
difference between the two samples is only the nature of the HCIO 4 treatment, it is tempting to 
suggest that MF-2A contains a component of 13 C enriched carbon which had not been eliminated 
by the acid. 

Perhaps the most surprising observation which can be made from the data is the lack of carbon 
burning at temperatures around 1050°C, the step with maximum carbon yield for the unseparated 
Murchison ARR. On the basis of this information, we can surmise that the greater part of the SiC 
mass in Murchison is in grains which are less than 0.2 pm in size. Although Stokes saw settling 
results from Amari et al. [7] are consistent with 0.1 to 0.2 pm SiC grains being most abundant by 
mass, these workers suggested that less than 0.2 pm particles constitute only ca. 30% of the 
overall mass compliment of SiC. There are undoubtedly severe problems in manipulating tiny 
grains which may account for the observed descrepancy between the two sets of results. 

In conclusion, the techniques reported here seem very appropriate for obtaining data for carbon 
and its isotopic compositon from small SiC samples. Even if these highly resistant grains are 
deliberately contaminated by physical processing, a combination of chemical treatment and stepped 
combustion allows the information they contain to be recouped. 


References: [1] Virag el al. (1992) GCA 56, 1715. [2] Lewis R.S. et al. (1990) Nature 348, 293. [3] Russell S.S. et al. 
(1993) Meteoritics 28, 425 426. [4] Wright I.P. et al. (1988) Meteorilics 23, 312. [5] Ash, R.D. Ph.D. Thesis, Open 
University [6] Pillinger C.T. and Russell S.S. (1993) J. Chem.. Soc. Farad. Trans. 89. 2297-2304. [7] Amari S. et al.. 


submitted to GCA. 




LPSCXXV 


375 


ISOTOPIC AND ELEMENTAL FRACTIONATIONS PRODUCED DURING 
EVAPORATION OF THE ALLENDE CARBONACEOUS CHONDRITE. C. Floss 1 , A. 
El Goresy 1 , G. Kransel 2 , W. Rammensee 2 , H. Palme 3 and E. Zinner 4 ^ax-Planck-Institut fur 
Kemphysik, 69029 Heidelberg, Germany; 2 Mineral.-Petrograph. Institut, Universitat Koln, 
50674 Koln, Germany; 3 Max-Planck-Institut fur Chemie, 55020 Mainz, Germany; 4 McDonnell 
Center for the Space Sciences, Washington University, St. Louis, MO 63130. 


Refractory inclusions (CAIs) from carbonaceous chondrites have provided important 
clues to the processes active in the early solar system. Some CAIs exhibit mass-fractionated 
isotopic (Mg, Si and Ca) compositions that deviate from normal values by much larger amounts 
than can be accounted for through igneous differentiation processes [1,2]; enrichments in both 
the heavy and light isotopes are observed, as expected for evaporation residues from a 
homogeneous melt and condensates from the concomitant vapor, respectively. In addition, large 
mass dependent fractionations of O (along with Mg and Si) are observed in F (Fractionation) and 
FUN (Fractionation and Unknown Nuclear) inclusions. Although these fractionations are 
commonly interpreted as the result of Rayleigh distillation processes in the solar nebula, the data, 
particularly correlated data on several elements, require multi-stage processes [1,2]. Some 
inclusions also show trace refractory element fractionations that are consistent with a distillation 
origin [3], although isotopic fractionations generally are not obviously related to either bulk or 
trace element compositions. 

We have begun a series of evaporation experiments in order to better understand the 
processes and conditions under which mass-dependent isotopic and elemental fractionations are 
produced. We used powdered bulk Allende as a starting material. Individual samples, ranging in 
weight from 23 to 75 mg, were suspended from Re wire loops and evaporated from the liquid 
state to varying degrees in a vacuum furnace at 10' 8 bar. Temperatures ranged from 1450 - 
1750° C and run durations were from 15 to 180 minutes. Major element compositions of the 
residues were determined with the electron microprobe, and isotopic and trace element analyses 
were made with the ion microprobe. In these initial runs, mass losses ranging from 13—96 % 
were observed. Most residues consist primarily of olivine and glass with occasional tiny 
euhedral spinels. However, two of the samples with the highest mass losses ( > 95%) have lost 
more than 99% of their Fe, Mg and Si, and consist of a heterogeneous mixture of submicroscopic 
grains of Ca-alununates. Individual analyses (which are probably not on discrete grains) give 
compositions that correspond to linear mixtures of 12 Ca 0 » 7 Al 203 and CaOAfcC^, and 
CaOAl 2 C >3 and CaO2Al 2 0 3 (calcium dialuminate), respectively (Fig. 1). The Ca/Al ratios of 
these two residues are 7% and 51% lower than those of bulk Allende (0.68 and 0.37 versus 0.73), 
reflecting a preferential loss of Ca over A1 in these samples. The evaporation behaviors of the 
major elements are consistent with the results of Wang et al. [4], who conducted similar 
experiments using a synthetic starting material of Cl chondntic composition. 

Isotopic measurements show normal Ca and Ti compositions for all residues analyzed so 
far, whereas both Mg and Si exhibit fractionations favoring the heavy isotopes (up to 45%o per 
amu for Si), consistent with a Rayleigh distillation model. Oxygen isotopic compositions, 
measured in two of the residues, also show a mass-dependent enrichment of the heavy isotopes. 
Determination of appropriate evaporation reactions in a complex substance such as the one used 
here is difficult, as several different reactions are likely to have taken place at various stages 
during the evaporation process. Calculated gas/liquid partition coefficients (a's) for Si 
evaporation are similar within errors to those observed by Davis et al. [5] for forsterite 
evaporation, for which the appropriate reaction is Mg 2 SiC> 4 (l) 2Mg(g) + Si0 2 (g) + Oz(g) [6]. 
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This implies that most Si evaporated as SiC> 2 , although the slightly higher a values determined 
from our experiment suggest the involvement of heavier gas species or isotopic mhom^eneity 
during evaporation, as was also true for the Davis et al. experiment [5]. Partition coefficients 
calculated for Mg evaporation, however, are much closer to unity than those reported by these 
authors and, furthermore, are higher than theoretical a's based on evaporation of Mg as either the 
monatomic species or as MgO, suggesting complex evaporation behavior for this element 

Trace element measurements in one of the residues with the highest mass losses show 
enrichments up to 45 x Cl for most of the REE as well as for several other refractory lithophde 
elements (Fig. 2). Hafnium, expected to have an abundance similar to that of Zr, shows a t>U% 
depletion relative to that element. Cerium and, to a lesser extent Pr exhibit volatility-related 
depletions (Ce/Ce* = 0.002; Pr/Pr* = 0.509). Such depletions have been observed in several 
hibonite-rich inclusions [3] and in other laboratory evaporation experiments [3,4] Wang et al. 
[4] noted that the oxidizing conditions implied by these depletions were probably due to the 
release of O during evaporation of major-element oxides. Despite their nominally similar 
volatilities under solar nebula conditions [7], Ba and Sr abundances differ, with the former being 
present at chondritic levels and the latter being enriched to 25 x Cl. This is a further indication 
of oxidizing conditions during evaporation, because the volatility of Ba, relative to that or Sr, 
increases under oxidizing conditions [7]. Vanadium, which also becomes more volatile under 
oxidizing conditions, is present at less than chondritic abundances. Both elements are also 
depleted in HAL-type hibonite inclusions [3]. 

The results of these 
preliminary experiments are 
in good agreement with 
those of [4], despite the 
differences in starting 
materials, and show that 
isotopic fractionation effects 
as well as major and 
refractory trace element 
depletions observed in Ca- 
Al-rich inclusions can be 
duplicated through 
evaporation of chondritic 
material. 
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NARROW-FIELD IMAGING OF THE LUNAR SODIUM EXOSPHERE; B. Flynn 
and S. A. Stern, Southwest Research Institute, San Antonio, Texas 

The lunar Na atmosphere has been observed from Earth since its discovery in 1988 [1]. 
Both spectroscopy and wide-angle imaging have been used [2-5]. We present results from a 
new imaging technique that takes advantage of a narrow-band Na interference filter, unique 
observing geometry, and good internal scattered light suppression to enable probing of the 
atmosphere over the lunar terminator. Preliminary results using this technique have been 
previously presented [6]. In this paper we present a thorough analysis of the original data set 
taken on 22-24 November 1991 and subsequent observations from 1 December 1993. Both 
sets of data were obtained at the University of Texas McDonald Observatory. 

The narrow-field (4x4 arcmin) imaging technique involves taking images just to the 
dark side of the lunar terminator. The lunar surface within the field-of-view (FOV) is 
then illuminated only by earthshine. The varying illuminated path length due to the lunar 
shadow allows a measure of the atmospheric scale height. By taking image strips along the 
terminator as the terminator moves across the lunar surface, the structure of the atmosphere 
can be mapped out over approximately two thirds of the lunar surface visible from the 
Earth. By covering both lunar mare and highland surface units, spatial variations due to 
inhomogeneous surface composition may be characterized. Furthermore, temporal variations 
due to dynamical transport across the FOV can be detected by taking a time-sequence of 
images over the same surface regions. 

The imaging technique described here complements other methods of observing the 
lunar atmosphere. Whereas spectroscopy is limited to observations off of the lunar limb, the 
narrow-field technique can measure the atmosphere over roughly 70% of the Earth-facing 
hemisphere. Furthermore, wide-angle coronographic imaging has so far observed only the 
extended lunar atmosphere at distances greater than ~0.5 lunar radii from the surface. The 
narrow-field imaging technique can observe the atmosphere down to within ~50 km of the 
surface. 

The imaging data sets obtained in 1991 and 1993 have been thorough examined for 
detection of phenomena related to the lunar Na atmosphere. The data taken to date repre¬ 
sents <10% of the visible lunar surface. Future observations will concentrate on obtaining 
data over the full extent of lunar surface that can be observed during the first quarter-full 
Moon and full Moon-last quarter observing windows. We will endeavor to: (l) Make lunar 
Na “movies” over specific surface areas; and (2) make full north-south Na image strips along 
the terminator over a wide range of lunar phases. 
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DOES THE KUIPER BELT CONTRIBUTE SIGNIFICANTLY TO THE 
ZODIACAL CLOUD AND THE STRATOSPHERIC INTERPLANETARY DUST?; G. J. 
Flynn, Dept, of Physics, SUNY-Plattsburgh, Plattsburgh, NY 12901. 

It is generally assumed that two major sources contribute to the Zodiacal 
Cloud: main-belt asteroids and active comets. However, direct measurement of 
the solar system dust population by the Pioneer 10 spacecraft suggests a large 
fraction of the interplanetary dust is in near-circular orbits (1) but that 
the dust flux does not decrease significantly outside the main-belt (1). The 
recent discovery of 100 km size objects in trans-Neptunian orbits (2), 
possibly associated with the Kuiper Belt, raises the possibility that 
collisions in the Kuiper Belt may contribute significantly to the Zodiacal 
Cloud and to the interplanetary dust collected from the Earth's stratosphere. 


The smaller dust particles making up the Zodiacal Cloud are rapidly 
removed by Poynting-Robertson Drag while the larger particles are broken into 
smaller ones by catastrophic collisions. A constant source of resupply, 
estimated by Grun et al. to be 9xl0 3 kg/sec (3), Is required to maintain the 
Zodiacal Cloud in a steady-state. Until recently, active comets were presumed 
to be the major source of this dust (4). However, the degree of heating 
experienced by interplanetary dust particles (IDPs) collected from the Earth's 
stratosphere suggests a significant contribution by particles in near-circular 
orbits (5). Detailed examination of the evolution of the dust associated with 
infrared emission in the main-belt also indicates a significant asteroidal 
contribution to the Zodiacal Cloud (6, 7). 

Constraints on Sources of the Zodiacal Cloud 

Durmott et al. (7) suggest that the main-belt asteroids contribute about 
30% of the dust to the Zodiacal Cloud, but find that the remainder of the 
cloud requires a source with a higher mean inclination to the ecliptic. They 
suggest that dust emitted by active comets is the source for the remaining 70% 
of the Zodiacal Cloud. However, Flynn (8) has pointed out that a cometary 
source that large should result in catastrophic collision lifetimes for large 
(>200 pm) micrometeorites which are too short to allow their survival during 
transport from the main-belt to the Earth. The collection of large 
micrometeorites having cosmic ray exposure lifetimes consistent with a main- 
belt origin (9) suggests the contribution of active comets to the Zodical 
Cloud is smaller (8). Taken together these results suggest the major 
contributor to the Zodiacal Cloud provides dust with a large range of 
inclinations but nearly circular heliocentric orbits. 

Direct measurement of interplanetary dust with masses >2x10“^ grams by the 
Pioneer 10 spacecraft provides observational evidence of the orbital 
properties of the dust and constraints on its major source(s). Humes et al. 

(1) interpret the Pioneer 10 measurements to indicatei 

1) that a large fraction of the dust near 1 AU is in near-circular 
orbits, and, 

2) that the rate of dust impacts does not diminish significantly after 
passage through the main-belt (continuing well past the orbit of Jupiter). 

The first observation suggests that active comets are not the dominant 
source of interplanetary dust, since the eccentricity of the orbits of 
cometary dust particles is still significant at 1 AU (5, 10). The second 
observation suggests that main-belt asteroids are not the dominant source of 
the interplanetary dust, since Poynting-Robertson Drag would cause the orbits 
of 2 x 10 “^ gram dust produced in the main-belt to evolve rapidly inward, 
resulting in a sharp drop in the dust detection rate outside of the main-belt. 
The Pioneer 10 measurements seem to require a significant source for the 
Zodical Cloud which is located at a larger heliocentric distance than the 
main-belt, and provides particles in near circular orbits but a wide range of 
inclinations. In addition, this source must be invisible in the IRAS 
measurements, suggesting it might be at a large heliocentric distance. 
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Kuiper Belt 

The discovery by Jewitt and Luu (2) of large objects (>100 km) in trans- 
Neptunian, heliocentric orbits provides the first possible detection of the 
Kuiper Belt, which has been proposed as a source for short-period comets. 
Jewitt and Luu (11) have identified 6 trans-Neptunian objects. Because they 
sampled only a small fraction of the sky, they estimate the undetected objects 
>100km to number 10 4 (2,11), far exceeding the number of objects >100 km in 
the biaB-corrected modeling of the main-belt. If so, then collisions with 
smaller objects should result in significant dust production in the Kuiper 
Belt. Modeling efforts by Jewitt and Luu (11) suggest possible dust 
production rates in the Kuiper Belt ranging from 10 to 10 5 kg/sec, depending 
on the assumed slope of the size-frequency distribution for larger objects. 
Thus the dust production in the Kuiper Belt could equal or exceed that 
required for replenishment of the Zodiacal Cloud. 

Dust produced in the Kuiper Belt would be transported to the inner solar 
system on time scales short compared to the age of the solar system, however 
the perturbations experienced by these particles as they pass through 
gravitational resonances with Jupiter and the other large outer planets have 
not been studied. It is possible that resonance trapping, as calculated for 
dust particles passing Earth (12), would result in the production of a 
heliocentric dust ring outside the orbit of Jupiter. If so, detection of such 
a ring would provide confirmation of a Kuiper Belt contribution to the 
Zodiacal Cloud. 

Conclusions 

The assumption that the bulk of the Zodiacal Dust is derived from main- 
belt asteroids and/or active comets appears to contradict the observational 
constraints imposed by combining the Pioneer 10 and IRAS spacecraft 
measurements and physical observations or interplanetary dust recovered from 
the Earth's stratosphere and the polar ices. A source contributing particles 
whose orbits are nearly circular at 1 AU, but having a relatively large range 
of inclinations seems to be required. 

If, as suggested by Jewitt and Luu (11), there are a significant number of 
undetected objects in the Kuiper Belt, then collisions, accompanied by the 
production of dust, must occur. Poynting-Robertson Drag would deliver the 
resulting particles to the inner solar system, unless they all experience 
significant orbital perturbations by the outer planets. Because their orbits 
would be nearly circular, these particles would have lower geocentric 
velocities at the Earth collection opportunity, and would experience 
significantly less thermal alteration on Earth atmospheric entry, than the 
particles emitted by active comets. Dust derived directly from the Kuiper 
Belt would appear to satisfy the orbital constraints imposed by the Pioneer 10 
and IRAS spacecraft measurements as well as the physical measurements on the 
stratospheric and polar micrometeorites. 

Detailed dynamical modeling of the rate of dust production in the Kuiper 
Belt and the subsequent orbital evolution of this dust will allow assessment 
of the magnitude of the Kuiper Belt contribution to the Zodical Cloud and the 
probability of stratospheric collection of nearly pristine samples of material 
stored at low temperature since the formation of the solar system. 
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HYDRATED INTERPLANETARY DUST PARTICLES: ELEMENT ABUNDANCES, 
MINERALOGIES, AND POSSIBLE RELATIONSHIPS TO ANHYDROUS IDPs: G. J. 
Flynn 3 , S. R. Sutton 2 , S. Bajt 2 , w. Klock 3 , K. L. Thomas 4 , and L. 
P- Keller 4 . 1) Dept, of Physics, SUNY-Plattsburgh, Plattsburgh, 

NY 12901, 2) Dept, of Geophysical Sciences, The University of 
Chicago, Chicago, IL 60637, 3) Institut fur Planetologie, 
Westfalische Wilhelms-Universitat, Munster, Germany, 4) MVA Inc., 
5500/200 Oakbrook Pkwy, Norcross, GA 30093. 

Tbe element abundances and mineralogies of six hydrated interplanetary 
dust particles, three having magnetite rims indicating they experienced 
significant entry heating, were determined. The unheated set shows 
significantly larger extremes of composition than the unheated, anhydrous IDPs 
examined previously. This suggests the hydrated IDP parent body is chemically 
heterogeneous on the 10 pm scale. The average trace element abundance pattern 
of the heated, hydrated particles is very similar to that of the heated, 
anhydrous particles. No mean depletion of Ca was observed, but a low Mn 
content may be a signature of hydrated IDPs. 

We identified 6 hydrated interplanetary dust particles (IDPs) by 
transmission electron microscopy (TEM) and determined their trace element 
contents by Synchrotron X-Ray Fluorescence (SXRF). Each IDP was classified 
"cosmic" in the JSC Catalog. Independent evidence, either TEH observation of 
a magnetite rim on the particle or He content determined on another fragment 
of the same cluster, confirms the extraterrestrial origin of 4 particles (see 
Table 1). ' 

Mineralogy 

Three particles lack magnetite rims, indicating they experienced 
insignificant heating on atmospheric entry. L2005R7 contains Fe-rich smectite 
and sulfides but no anhydrous silicates. U2015G1 contains two mineralogically 
distinct subunits: one dominated by talc with minor smectite, and another by 
Fe-Ni-oxides and smectite, described by Stephan et al. (1). L2005D30 consists 

of smectite, other unidentified layer-silicates, Si (>2 crystals, TiO^ crystals, 
and magnetite. Both the mineralogy and chemistry (see below) of L2005D30 are 
different from the other hydrated chondritic IDPs examined, and its 
identification as an extraterrestrial particle rests on the He content of 
another fragment of this cluster (2). 

The mineralogies of the three heated particles were described previously 
by Thomas et al. (3). L2005L6 has a discontinuous magnetite rim <50 nm thick, 

while L2005P9 and L2005P13 have well-developed, continuous magnetite rims. 
L2005L6 is dominated by fine- and coarse-grained Fe-rich smectite with finely 
dispersed sulfides. L2005P9 contains poorly crystallized Fe-rich serpentine 
intergrown with fine-grained magnetite. L2005P13 contains poorly—crystallized 
Fe-rich phyllosilicates. 

Chemical Abundances 

The three hydrated IDPs without magnetite rims have widely varying trace 
element contents (see Table 1). Ni, Cu, Zn, Ga, Br, and probably Ge (only a 
Ge limit was determined for U2015G1) vary by over an order—of—magnitude in 
concentrations, with L2005D30 showing the most extreme variation. This is 
much wider than the range previously observed in a set of 5 unequilibrated, 
anhydrous IDPs (4). This suggests either the hydrated IDPs sample a parent 
body which is chemically heterogeneous on the size scale of the individual 
IDPs or multiple sources of diverse compositions. 

The three hydrated IDPs which have experienced significant atmospheric 
entry heating show a much tighter clustering of their volatile trace element 
contents. Except for Zn, which is extremely sensitive to loss by entry 
heating (3, 4), and Br, which varies dramatically in all types of IDPs, the 
individual trace elements show variations of less than a factor of two among 
the three heated, hydrated IDPs. The average abundances of these elements 
(shown in Table 1) have been Fe-normalized and compared to the Fe-normalized 
abundances previously reported for heated, anhydrous IDPs (see Figure 1). 

There is a remarkable agreement between the average abundances of these two 
groups, though the average Ga and Br contents of the hydrated IDPs are 
significantly higher than those previously reported for the anhydrous IDPs. 
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Table It Cl Normalized SXRF Element Abundances in Hydrated IDPs 


Particle 

Ca + 

Cr 

Mn 

Fe* 

Ni 

Cu 

Zn 

Ga 

Ge 

Se 

Br 

Evidence 
of Origin 

Unheated 

L2005R7 

0.1 

1.0 

0.4 

1.1 

1.4 

3.0 

2.7 

2.0 

2.5 

1.9 

50 


U2015G1 

0.3 

0.3 

0.3 

0.5 

0.5 

1.2 

38 

<3 

<1 

<2 

28 

He/CIstFrg 

L2005D30 

4.2 

0.6 

0.2 

0.2 

0,07 

13 

15 

74 

6.5 

2.3 

820 

Heated 

12005L6 

1.6 

1.1 

0.9 

1.4 

1.4 

2.7 

0.6 

1.3 

1.6 

2.9 

42 

magnet.rim 

L2005P9 

0.1 

0.6 

0.6 

1.2 

0.7 

2.0 

0.5 

1.4 

2.2 

3.1 

121 

magnet.rim 

L2005P13 

2.7 

1.9 

1.0 

1.5 

1.4 

3.5 

<0.03 

0.7 

1.8 

2.9 

40 

magnet.rim 

AVG. Heated 

1.2 

0.8 

1.4 

1.2 

2.7 

<0.4 

1.1 

1.9 

3.0 

68 



+ Ca contents of L2005R7, L6, P9, and P13 determined by EDS. 

* Fe determined by EDS, except U2015G1 from JSC Catalog Bpectra. 


The Ca contents of the 6 hydrated IDPs range from 0.1 to 4.2 X Cl, showing 
no evidence for a depletion of the average Ca content of hydrated IDPs 
suggested by Schramm et al. (5). The most distinctive chemical feature of 
these 6 hydrated IDPs is their low Mn contents, with no particle having a Mn 
content above Cl. The Mn average is about one-half that of the anhydrouB 
group of IDPs we have previously examined. A similar Mn—depletion was 
reported by Kurat et al. (6) in a subset of unmelted, Cl-like, hydrated 
micrometeorites from the Antarctic, but these particles also showed low Ca 
contents. 

Interrelationships Between Anhydrous and Hydrated IDPs 
Confirmation of chemical differences between anhydrous and hydrated IDPs 
will require analysis of a larger group of particles. This could test the 
suggestion that hydrated and anhydrous IDPs may be genetically related through 
aqueous alteration of anhydrous material to produce the hydrated material (7). 

Conversely, anhydrous IDPs might be produced by alteration of hydrated 
IDPs experiencing extreme heating on atmospheric entry. Heating of 
phyllosilicates from Orgueil to 1200° C for a few seconds produces very fine¬ 
grained («100 nra) olivines and pyroxenes, similar in texture to the anhydrous 
IDPs L2006A24 and L2005A8. The fragments of these IDPs analyzed by SXRF were 
very Bmall (<8 pm) resulting in incomplete trace element data, however both 
have Mn/Fe £ Cl. Pulse heating experiments on both hydrated meteorites, as 
described by Klock et al. (8) and hydrated IDPs are required to understand the 
alteration produced during entry. 
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Figure 1: Cl—normalized element abundances for 3 
unheated, hydrated particles (narrow lines), and 
average Cl- and Fe-normalized element abundances 
for the heated, hydrated and heated, anhydrous 
particles sets (wide lines). 
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NITROGEN SOLUBILITY IN AUBRITE AND E CHONDRITE MELTS. Robert A. Fogel, 
Dept, of Mineral Sciences., American Museum of Natural History, New York, NY 

Introduction: Enstatite chondrites and aubrites are nitrogen-rich meteorite groups that 
contain the N-bearing phases TiN (osbomite; aubrites) and Sij^O (sinoite; E chondrites). An 
important feature that distinguishes the enstatite meteorites from the other meteorite groups is 
that they are extremely reduced (1,2). The reducing character of the enstatite meteorites is 
intimately linked to the stabilization of nitrides and N-bearing silicates. 

Aubrites are basaltic achondrites derived from the melting of E chondrite-like reducing 
source material (3). E chondrites contain chondrule melts that formed in reducing parts of the 
solar nebula. Although the role of volatiles in silicate melts under oxidizing has been studied 
extensively, their role under reducing conditions is poorly understood. Melting and phase 
equilibria data from the material sciences suggest that the properties of silicate melts under 
reducing conditions are different from those under more oxidizing conditions (>IW). Under 
oxidizing conditions N acts as a trace element dissolving in ppm quantities; however, under 
reducing conditions, N can dissolve in minor element to major element amounts (>1 wt%)(4). I 
have been studying the solubility of N in geologically relevant silicate melts under reducing 
conditions in order to understand the importance of N in reducing igneous activity. 

Experimental: A basaltic composition (NMIX-3) approximating an FeO-, K20-,Na20-, 
Ti02-free 1921 Kilauea basalt was formulated from component oxides. NMIX-3, thus, approxi¬ 
mates a 1921 Kilauea basalt composition if it were melted under reducing conditions diagnostic 
of the enstatite meteorites (IW -4-6), since the FeO would be removed and partitioned into a 
separate Fe-Si phase. This assumption was verified by reducing experiments (similar to those 
described here) on the 1921 Kilauea basalt itself. Melts were equilibrated in graphite capsules 
under flow mixtures of pure CO gas and a 98%N2-2%H2 gas mixture. Flow rates were 
monitored by flow meters and rigorously determined by timing experiments of the movement of 
bubbles through a 50 ml graduated burette under the respective gas flows. All experiments were 
conducted at similar N 2 /CO fugacity ratios (~ 22) at T’s between 1500°C and 1600°C. Glass 
compositions were determined by electron microprobe with nitrogen and oxygen contents 
determined using a W-Si multilayer crystal. 

Results and Discussion: Run products were clear light pink glasses. SEM examination 
showed that submicron spheres of an Fe-Si alloy were present and often concentrated near the 
graphite-silicate melt contact. Since the starting NMIX-3 contained FeO contents below probe 
detectability, spheres represent the reduction of trace quantities of FeO in NMIX-3 enhanced by 
the reduction of Si from the silicate melt. EDS analyses of the largest of these spheres (2 p.m) 
show them to contain minor elements: Ti, Cr, Mn and Ni, which are strongly partitioning into the 
Fe-Si melt which scavenges the silicate melt for these trace elements under reducing conditions. 

Glass major element contents show the loss of Si02 and the gain of MgO and CaO and are 
functions of T, time and amount of starting material. Relative to Si02, however, MgO and CaO 
display clear linear trends (e.g., Fig. 1: MgO vs Si02). On a molar basis, the gain in MgO as a 
function of Si02 loss is = 3x that of the gain in CaO as a function of Si02 loss. Molar Si02 
contents fell from 59.35% in NMIX-3 to 49.19% due to the high fugacity of SiO; MgO rose from 
17.63% (NMIX-3) to 24.65%; CaO rose from 13.85% (NMIX-3) to 16.50%. A1 2 0 3 contents did 
not vary appreciably from the starting composition (9.17%). Additionally, in two of the 
experiments that lost the most weight, Ti 02 contents rose from trace amounts in the starting 
material to 0.16 and 0.23 mole %. These trends are important indicators of relative cation 
volatility determined experimentally . In this silicate melt composition and under the 
experimental conditions investigated, volatility was thus: Si>Al>Ca>Mg>Ti. Interesting 
differences in this volatility scheme exist from those under more oxidizing conditions where, 
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for example, Al is highly refractory instead of volatile. This reversal is consistent with the 
condensation calculations of (5) who show this difference as a function of nebular C/O ratio. 

Nitrogen-solubility as a function of temperature is shown in Fig. 2 where it appears to be 
linearly correlated with 1 AT; lower T favoring increasing N content. N contents are as high as a 
0.5 wt % or 2 mole % at 1500°C, showing that it plays a role far more important than a trace 
element at these Ts. The large relative error in two of the 1600°C runs is probably due to the 
lack of attainment of equilibrium (run times for these two were 1 hr.) as well as analytical 
uncertainties due to their low N-contents. 

N is thought to speciate in very basic melts as a substitution for O (6). N incorporation by 
this method causes bridging O bonded to 2 Si to be replaced by N bonded to 3 Si (side panel). 

This has a stabilizing effect on the melt and is correlated to increased glass 
Si-O-Si transition T, liquidus depression and many other thermophysical properties 
’■* (4). Previous experiments on very basic melts (25-38 wt% SiC>2) showed a 

gj positive T dependence of N solubility, contrary to that determined here. One 

Si-N-Si explanation is the dependence of N solubility on Si02 activity which was 

previously shown to be positive(6). Since the melts here have Si02 contents 
in the 50-59 wt% range, it is possible that the nature of N speciation is different in the current 
melts. Alternatively, since the Si02 activity of the melts was variable in the run products due to 
high SiO fugacities, it is not yet possible to separate out this factor for the current experiments. 

These experiments show that the role of N in the petrogenesis of silicate melts of cosmo- 
chemical importance under reducing condition is of a proportion much greater than that of trace 
element. When viewed on a molar basis N plays the role of a major element dissolving over 2 
mole %. The incorporation of N in silicate melts to such high concentrations will effect phase 
stability, liquidus depression and other parameters pertinent to igneous and plutonic activity 
under reducing conditions. Experiments are underway to elucidate these effects. The current 
experiments can also explain existing problems such as the stability of osbomite in aubrite 
meteorites. Retention of N in silicate melts generated by the melting of E chondrite-like 
precursor material containing sinoite, may help explain the appearance of osbomite on the 
aubrite liquidus. An understanding of E chondrite and aubrite melting events awaits a better 
understanding of silicate melt phase equilibria under reducing igneous conditions. 


References & Acknowledgments: [1] Keil (1968) JGR 73,6945-6976; [2] Watters & Prinz (1979) PLPSC X, 1073- 
1093; [3] Keil (1989) Meteoritics 24,195-208; [4] Hampshire et al. (1985) Phys. Chem. Glas. 26,182-186; [5] 
Larimer & Bartholomay (1979) GCA 43,1455-1466; [6] Davies & Meherali (1971) Met. Trans 2,2729-2733. 
Support of NASA: Origins grant # NAGW-2873 is gratefully acknowledged. 



Fig. 1. MgO gain as a function of Si02 loss. Errors 
are lo and represent homogeneity of sample. 
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Fig. 2. Silicate melt nitrogen content as a function of 1/T. 
Errors are lo and represent homogeneity of sample. 
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SIMS ANALYSIS OF ORTHOPYROXENE IN DIOGENITES: AN ATTEMPT TO 
DEFINE A FRACTIONATION SEQUENCE; G.W. Fowler, J.J. Papikc, and C.K. Shearer; Institute of 
Meteoritics, Department of Earth & Planetary Sciences, University of New Mexico, Albuquerque, NM 87131-1126, 
U.S.A. 


INTRODUCTION . Most diogenites appear to be cumulates that have crystallized from a single 
magmatic reservoir with only a few outliers that do not appear to fit into a single '’fractionation" sequence. A recent 
study by Mittlefehldt [1] addressed this problem using EMPA and INAA techniques. We are attempting to add 
complimentary data and interpretations by using SIMS techniques on individual orthopyroxenes in a suite of 
diogenites. An advantage of this approach is that orthopyroxene can be analyzed in a microbeam mode and thus 
minimize the effects of contaminating phases including trapped melt. Here we report results for a suite of 15 
diogenites for which we used a SIMS analytical package which included the elements Ca, Mn, Sr, Al, Cr, Ti, V, Zr, 
Nb, Y, Ce, and Yb. Figure 1 shows that Yb and Y are highly correlated (correlation coefficient = 0.96) and that a 
considerable compositional range of these elements is observed. Figure 2 represents a possible fractionation 
sequence based on Yb which is a REE that is relatively easy to measure in orthopyroxene by SIMS techniques. We 
here address the implications of the observed range of Yb, Y, and Zr. 

RESULTS AND DISCUSSION . The ranges of Yb in orthopyroxene in our diogenite suite are shown 
in Figure 2. Yb in orthopyroxene varies by a factor of 27 from Ellemeet to LEW 88008. This contrasts with 
enrichment factors observed by Mittlefehldt [1] (less than a factor of 8) over the same range of meteorites and may be 
attributed to very small amounts of trapped melt in the orthopyroxene separates that were analyzed by INAA. This 
can have a substantial effect on the incompatible element depleted orthopyroxenes (e.g. Ellemeet) and much less of 
an effect on the incompatible element "enriched" orthopyroxenes (e.g. LEW 88008, Roda). Our ion microprobe data 
also shows that from Ellemeet to LEW 88008, Zr varies by a factor of 29 and Y varies by a factor of 32. We used 
LEW 88008 as an end member in our fractionation suite rather than Roda because Roda is anomalous and may not 
belong to the main sequence (e.g. very high Ti/AI). The 15 diogenites shown in Figure 2 have been "ranked" by 
average Yb concentrations in the orlhopyroxene and put in order of increasing fractionation, assuming they arc related 
by a single fractional crystallization process. Diogenites which plot in the lower left of this diagram (in a single 
reservoir model) appear to have crystallized early, while those plotting in the upper right appear to have crystallized 
late. It also is evident that orthopyroxene in a single diogenite show a range of incompatible trace element 
concentrations. We believe that this reflects both magmatic processes and local cumulate mixing. We calculated the 
extent of fractional crystallization needed to produce the orthopyroxene trace element array from Ellemeet to LEW 
88008 assuming (1) a perfect fractional crystallization model, (2) that the trace element concentrations of the 
orthopyroxene in diogenites reflect orthopyroxene-basaltic melt equilibrium, and (3) that the D's selected for the 
calculation of the trace element characteristics of the EPB basaltic melts are appropriate for the conditions of 
crystallization. Based on these calculations, over 95% fractional crystallization of essentially orthopyroxene is 
required to generate a "LEW 88008 magma" from a parental "Ellemeet magma". This petrogenelic scenario is highly 
unlikely for basalts. Models tested by [1] also suggested high degrees of fractional crystallization were needed to 
produce this population of orthopyroxene through the crystallization of a single batch of magma. Although the 
predicted increase in partition coefficients during crystallization [1] lowers the extent of fractional crystallization in 
our models to 70 to 80%, this extent of orthopyroxene fractional crystallization is still too excessive without the 
crystallization of other phases (e.g. plagioclase). Three potential models arc suggested by these data: (1) As 
suggested by [1], the magmas that are parental to the diogenites are of an unusual composition, essentially 
approaching orthopyroxene in composition; (2) The orthopyroxenes shown in Figure 2, do not represent a single 
fractional crystallization continuum, but represents fractional crystallization products of several batches of basaltic 
magmas produced by melting of different EPB mantle reservoirs (with elemental abundances ranging from ~1 to 10 x 
chondrite); (3) The trace element characteristics of the orthopyroxenes do not adequately preserve the magmatic 
history of the diogenites. 

ACKNOWLEDGMENTS. We thank Graham Layne for technical help with the SIMS analyses. SIMS 
analyses were performed at the UNM/SNL Ion Microprobe Facility, a joint operation of the Institute of Meteoritics, 
UNM and Sandia National Laboratories. This research was funded by NASA grant NAGW-3347 and the Institute of 
Meteoritics. 
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Fig. 1 

Y vs Yb (ppm) 



Fig. 2 
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IMPACT BASINS IN SOUTHERN DAEDALIA, MARS: EVIDENCE FOR 
CLUSTERED IMPACTORS? Herbert Freyl and James H. Roark2, lLaboratory for 
Terrestrial Physics, j Goddard Space Flight Center, Greenbelt MD 20771, 301-286-5450, 
^Science Systems and Applications, Inc., Lanham, MD 20706. 

The distribution of ancient massifs and old cratered terrain in the southern Daedalia 
region indicate the presence of at least two and probably three impact basins of large size. One of 
these is located near where Craddock et al. [1] placed their center for a Daedalia Basin, but has 
very different ring diameters. These basins have rings exceeding 1000 km diameter and overlap 
significantly with centers separated by 500 to 600 km at nearly identical latitudes of -26 to -29° 
The smaller westernmost basin appears slightly better preserved, but there is little evidence for 
. obvious superposition that might imply a temporal sequence. Recognizing the improbability of 
random impacts producing aligned, nearly contemporaneous features, we suggest these basins 
. may have resulted from clustered impactors. 

i 

Introduction 

Both Craddock et al. [1] and Schultz and Frey [2] suggested a major impact basin in the 
Daedalia Planum region. Craddock et al. [1] used orientations of grooved units, interpreted as 
impact materials, to locate a center at -26.0°, 125.00, and suggested ring diameters of 1100, 
1500, 2200, 3200, 4500 (main ring) and 6400 km. Schultz and Frey [2] looked to a broader 
distribution of a variety of mapped geologic units to infer a basin at -14.50, 127.00 with ring 
diameters 1475, 2540 (main ring) and 3960 km, but acknowledged Craddock et al.’s fit was 
more consistent for many Noachian age features south of Daedalia Planum. We suggest neither 
of the proposed basins is a very good fit to the observed structures. Detailed study of not just the 
distribution but also the structure and orientation of features used to define basin rings suggests 
that at least two and more likely three impact basins of significant size exist in this area. 

Evidence for Several Daedalia Basins 

The sharply delineated scarp of Nplh material at 139oW between -22 and -3(K> is one of 
several large structures which suggest impact basin rings. Craddock et al.’s [1] second (1500 
km) ring passes through this feature (Figure la), but fails to capture its true curvature: a smaller 
circle (diameter 850 km) centered at -26°, 131°W is a better fit to this feature and to outcrops of 
similar material farther south (SW Basin, Figure lc). This smaller circle also lies along a textural 
boundary northeast of the scarp and passes through outcrops of Nb material near -30°, 125°W, 
features not explained by earlier proposed basins. Two additional rings (1180 and 1570 km) are 
well defined by similar outcrops of old material. Less but still intriguing evidence exists for two 
outer rings with diameters 1880 and 2375 km. 

Outcrops of Nb material form a well-defined circle of diameter 420 km (SE Basin, Figure 
lb), centered at -29.30, 119.8oW, 500 km east of SW Basin described above. Nb, Nplh and Nplj 
units define a second and third ring with diameters 740 and 1015 km, and a major arcuate scarp¬ 
like structure of Nplh marks a fourth 1290 km diameter ring. Three or four additional outer rings 
may also exist, but are not so well marked by discrete outcrops of old material. 

West of the SW Basin lies a complex uplifted region through which pass the three major 
rings of SW Basin (and possible outer rings of SE Basin?). Detailed study of this region 
suggests several large, overlapping craters or perhaps small (2-3 ring) basins (Figure Id), one at 
-27.50, 141. 80 W with a diameter of 335 km and possible outer rings (d = 690 and 1125 km) 
passing through arcuate Nplh outcrops to the west, east and south. A 275 km impact crater 
overlaps this feature to the south, at -30.0o, 141.30W. 

Basin Spatial and Temporal Overlap 

The combination of three basins explains the existing Noachian outcrops and many large, 
channel-like deposits of Hesperian-age plains-forming materials which lie between major rings. 
The ancient materials appear highstanding and well-preserved where positive re-inforcement 
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between two basins occurs (basin rings neary tangent to one-another). Where rings cross at high 
angles, less survives in the overlap regions. 

The basins show no obvious superposition relations that might indicate a temporal 
sequence in their formation. Many of die same structures are attributed to two different basins. 
Within the limits of the observational data, the two largest basins are of comparable age. The 
inner ring of the smaller W Basin is somewhat more complete, but the outer rings are best 
preserved where tangent to the overlapping SW Basin. If W Basin were significantly younger, 
better preservation of its outer rings on the eastern (Daedalia Planum) side might be expected. 

The probability of random impacts producing three contemporaneous, aligned basins 
(two of similiar large size) is very small. If all three basins really exist, the possibility they are 
genetically related should be considered. This might imply a nearly simultaneous impact by a 
closely spaced (recendy disrupted?) group of objects. If the separation of the basins were due 
only to the rotation of Mars, the impacts would be separated in time by about 35 minutes. 

REFERENCES: [1] Craddock, R.A. et al., JGR 95,10,729-10,741, 1990. [2] Schultz, R.A. and 
H.V. Frey, JGR 95,14,175-14,189,1990. 

FIGURE 1. Proposed impact basin rings superimposed on a simplified geologic map of the 
Daedalia region of Mars, (la) Daedalia Basin as proposed by Craddock et. al. [1]. (lb) SE 
Daedalia Basin, (lc) SW Daedalia Basin. (Id) Western large craters or small basins. 
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EFFECTS DUE TO OVERLAPPING LARGE IMPACT BASINS ON MARS 
Herbert Freyl, Anne Marie Reidy2, James H. Roark3, and Stephanie Stockman3, lLaboratory 
for Terrestrial Physics, Goddard Space Flight Center, Greenbelt MD 20771, 301-286-5450, 
^Astronomy Program, University of Maryland, College Park, MD 20771, 3Science Systems and 
Applications, Inc., Lanham, MD 20706. 

Many ancient highly degraded large impact basins exist on Mars [1,2,3]. In many cases 
these basins overlap or are overlapped by more easily observed, presumeably younger, impact 
basins. While impact basin overlap is becoming more recognized, the effects of such overlap 
have only occassionally been described. Such effects will depend on a variety of factors, 
including the absolute and relative size of the basins, the degree of overlap, the state of the 
lithosphere and its thermal gradient at the time of impact, and the time between impacts. There 
now exists enough evidence for overlapping basins of different sizes that some of these can be 
. discussed. This paper highlights some examples of obvious effects of basin overlap. 

Figure 1 shows several of the many examples now recognized on Mars. The Chryse- 
Acidalia Basins discussed in this volume [4] are shown in Figure la. Figure lb shows the 
overlapping Utopia [5], Elysium [6] and Arcadia [3] Basins, and the overlapping Isidis, Scopolus 
[3] and Hellas Basins. We previously discussed the south polar region [7,8], where South Polar 
Basin is overlapped by Malea B and South Polar B as well as by the outer ring of Hellas. 

Small impact basins affect only the upper structure of the lithosphere, so small basins 
overlapping the rim or edge of large impact basins have obvious and limited effects. There are 
several examples of such overlap, including Isidis-Utopia (Figure lb). In such cases, the major 
effect is alteration of the surface structure, e.g. disruption of the larger basin rim. A second and 
larger example of this is the overlap of Acidalia with Chryse [4], which appears to have 
destroyed the northern portions of the Chryse rings (Figure la). 

There are many cases where overlapping impact basins appear to control the extent of 
plains-formmg units. Isidis-Utopia (Figure lb) is one such example. Another may be the two 
larger basins in Daedalia, discussed elsewhere in this volume [9], where most of the (especially 
Hesperian age) plains in southern Daedalia lie within the overlap of two comparably sized 
basins. In the south polar region, the 40% overlap of South Polar and South Polar B, which are 
both of order 1000 km across but for which the area of deformation appears to be twice the main 
diameter, seems to control the off-axis deposition of polar deposits Apl, 

A more complicated example of how basin overlap appears to control the distribution of 
plains-forming units is the Chryse-Acidalia pair. Topographic barriers associated with rings 
from the overlap of the comparably sized Acidalia Basin may have blocked the flow of volcanic 
and sedimentary materials draining northward from south of Chryse, causing ponding and 
subsidence in the southern portion of the Chryse Basin [4]. The distribution of Amazonian and 
Hesperian age plains units within Chryse-Acidalia also appears related to the location of 
Acidalia rings where they overlap the central portion of the Chiyse Basin (Figure la). In 
particular the Amazonian units in central Chryse lie southward of the second Acidalia ring, and 
most of the Hesperian-age units lie within this ring. 

In eastern Mars, most of the northern lowlands are confined within two very large (> 
4000 km) Utopia [5] and Elysium Basins [6] (Figure lb), the main rims of which form the 
crustal dichotomy boundary zone in this part of Mars [10,11] The extension of Amazonian 
plains units into Utopia appears controlled by the topography in the overlap regions of the two 
basins, especially for the northwest trending Ael3 unit. We have also suggested the combined 
deep-seated effects of two such large basins may have concentrated prolonged volcanic activity 
which gave rise to the Elysium tectono-volcanic complex [10] centered in the overlap region of 
the two basins. The central Elysium volcanoes are located close to the intersection of Utopia 
rings with inner Elysium rings, as given by [6], 

Smaller examples of concentration of volcanic effects exist elsewhere. The Meroe and 
Nili Paterae lie along an outer Isidis ring where it paasses through the center of the Scopolus 
Basin, and Hadriaca and Tyrrhena Patera may be associated with intersecting rings of a smaller 
Hesperia Basin and Hellas. 
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Structural effects also occur when distant rings of large basins cross inner rings of a 
another basin. The outer ring of Hellas (d ~ 4200 km) may have influenced South Polar Basin, 
whose main ring is broken into segments at about the location of the Hellas ring. Perhaps gentle 
uplift along this zone raised this portion of the South Polar Basin rim and prevented its burial 
beneath polar deposits. 

Near tangency of basin rings may provide positive reinforcement that elevates and helps 
preserve ancient terrains. Examples appear in the Daedalia region, discussed elsewhere in this 
volume [9] as well as in Chryse-Acidalia [4] where a lone outcrop of Noachian terrain in the 
northern lowlying plains appears to coincide with the one place where inner rings from the two 

basins are tangent (Figure la). . 

There are also many examples among the basin pairs where channel flow direction has 
been altered by overlapping rings of basins. Channel flow often widens between rings, running 
concentrically along what are presumed to be topographic lows, but may break through a ring or 
change direction abruptly where a ring from an overlapping basin crosses through. Examples in 
Chryse-Acidalia [4] and in western Daedalia [9] are discussed in this volume. 


REFERENCES:[1] Schultz, P. H., et al., JGR, 86, 9803-9820, 1982. [2] Pike, R. J. and P. D. 
Spudis, Earth Moon Planets 39, 129-194, 1987. [3] Schultz, R. A. and H. V. Frey, JGR 95, 
14,175-14,189, 1990. [4] Stockman, S. and H. Frey, Lunar Planet Sci XXV, (this volume), 
1994. [5] McGill, G.E.. JGR 94, 2753-2759, 1989a. [6] Schultz, P. H„ Lunar Planet. Sci. XV, 
728-729, 1984. [7] Reidy, A. M. et al., Lunar Planet. Sci. XXIII, 1137-1138, 1992. [8] Frey, 
H.V. and A.M. Reidy, MSATT Polar Processes, 1992. [9] Frey, H. and J. Roark, Lunar Planet. 
Sci. XXV, (this volume), 1994. [10] Frey, H. and R. A. Schultz, JGR, 95, 14,203-14,213, 1990. 
[11] Frey, H., Lunar Planet. Sci. XXII, 415-416,1991a (abstract). 


FIGURE 1: Examples of overlapping impact basins, (la) The Chryse-Acidalia pair, discussed 
elsewhere in this volume [4]. (lb) Eastern Mars. Major basins [3] include Elysium, Arcadia, 
Utopia, Isidis, Scopolus and Hellas. See text for details. 

(a) Chryse - Acidalia_(b) Utopia and Other Basins 
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CONSTRAINTS ON THE PHYSICAL DETAILS OF NAKHLITE FORMATION; 

R.C. Friedman, T.J. McCoy, and G.J. Taylor, Planetary Geosciences, Dept, of Geol. and 
Geophys., Univ. of Hawaii, Honolulu, HI 96822. 

Past studies of the nakhlites have concentrated on determining the magmatic 
source and interrelation of its constituent phases [eg. 1,2]. In contrast, our interest in 
nakhlites concerns the physical setting of their formation to gain further understanding 
of volcanologic processes on Mars. We have begun by examining the heterogeneity of the 
original Nakhla meteorite. Modal analyses of eight sections demonstrate a significant 
variation in pyroxene:olivine ratios from 4:1 to over 17:1. There is no apparent correlation 
between olivine and mesostasis. This suggests that the amount of olivine is governed by a 
primary mechanism rather than later chemical interactions with remaining melt. We 
have also measured the crystal size distribution (CSD) of augites. Calculations based on 
CSD data suggest a growth period of about 1-5 yrs was necessary to produce the current 
grain sizes. This cooling period implies the host body was at least 11-26 m thick. 

Modal heterogeneity 

Previous workers have been limited to studying only one or two distinct Nakhla 
thin sections; we feel this ignores the real likelihood that the original Nakhla body, 
perhaps 30 cm on a side, may have been significantly varied in texture and chemistry. 

For example, recent studies of the shergottite Zagami have revealed a previously unn oticed 
5 cm area (in a 15-20 cm body) that has a unique composition and displays crystals 50% 
larger than those in the main mass. We have, therefore, obtained 10 samples of different 
Nakhla stones to determine the extent of heterogeneity on a 10-cm scale. In principle, the 
extent of differences between nakhlites could help constrain magma-body size. 

To date, we have determined the modes of eight Nakhla sections, from seven 
distinct stones; proper identification of olivines and mesostasis in weathered or disrupted 
sections was verified by backscattered electron imaging. As shown in Figure 1, pyroxene 
content varied by 15 vol%, olivine by 13 vol% and mesostasis by 6 vol%. These ranges 
reflect real heterogeneities beyond the inherent uncertainties of the method. 

The ultimate source of these olivines has been hotly debated; they may be 
phenocrysts or xenocrysts or they may have grown in the magma after emplacement [1,2]. 
The increase in olivine correlates with a decrease in augite, but there is no definitive 
correlation with mesostasis content. This pattern suggests to us that the heterogeneity in 
olivine distribution is due to uneven mixing of phenocrysts. In fact, clumping of olivine 
grains is clearly visible in hand sample and thin section. 

Textural analysis 

A convenient method for quantifying textural properties of a sample is crystal size 
distribution (CSD) analysis. The method involves calculating population density of 
different size bins; theory predicts that steady-state growth would generate a negative 
linear correlation between the size and the log of the density [3], 

For our study, widths of over 1000 augite grains were measured in Nakhla section 
USNM 2435. Figure 2 shows the observed distribution of grain sizes; note the nearly 
Gaussian distribution of the primary mode. From this data, a cumulative CSD was 
generated, plotting size vs. In (n), where n is the number of crystals per unit length per 
unit area [3]. Figure 3 demonstrates the negative linear nature of the main body of the 
plot. We take this to indicate that the sample experienced a significant period of steady- 
state grain growth in contact with melt. 
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There are two other features of note. First, the overabundance of large grains is 
perhaps due to the presence of augite phenoerysts. Second, the deficit at small sizes 
indicates a period of Ostwald ripening, in the presence of residual silicate melt, that 
preferentially removed smaller grains. Using an average initial grain size from the 
reciprocal of the slope (80pm) and a average final grain size from the measures 
distribution (242pm), a period of ripening can be calculated [4], Using a diffusion 

coefficient of 10 * 6 cm 2 /s, we get a ripening period of about 10 months. 

We get alternate, but comparable, estimates of cooling time from diffusion 
considerations. Studies of mineral zoning in nakhli tes have found Lafayette grains 
show no Fe or Ca zoning profiles [1], suggesting the grains reacted long enough with the 
melt to undergo complete diffusion. Using reasonable ranges of grain size, we calculate 
a time necessary for complete diffusion of 1-5 years, consistent with the above estimate. 
As a cooling time, this would imply a magma body at least 11-26 m thick. 


T?pfi>r»»nrre : (1) Harvey, R.P. and H.Y. McSween, Jr. (1992), GCA 56,1655-1663. 

(2) Treiman, A.H. (1990), Proc. LPSC 20,273-280. (3) Marsh, B.D. (1988), Contrib. 
Mineral Petrol. 99, 277-291. (4) Taylor, G.J. et al. (1993), Meteoritics 28,34-52. 
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Figure 1. Modal properties of augite (pyx), 
olivine (ol), and mesostasis (meso) in 
nakhlites. Range in pyx:ol suggests 
variation in the abundance of primary 
phenoerysts in the nakhlite magma body. 


Size distribution of Nakhla augites 



Cumulative CSD of Nakhla augites 



width (cm| 

Figure 3. Crystal-size distribution (CSD) plot 
of augite widths. The line (m=125/cm 3 ) fits 
data in the main part of the trend and 
indicates steady-state nucleation and 
growth. The trail off at small sizes suggests 
coarsening before crystallization was 
complete. The overabundance at the largest 
sizes suggests the presence of primary 
phenoerysts. 


Figure 2. Size distributions in Nakhla 
sample USNM 2435. 
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ESTIMATING SURFACE ROUGHNESS: EVALUATION OF AN EMPIRICAL 
BACKSCATTER MODEL Lisa Gaddis, USGS, 2255 N. Gemini Dr., Flagstaff, AZ 86001 

Overview: Comparison of radar backscatter coefficients (a°, in dB), calculated using the 
empirical model of Oh et al. [1], to a° extracted from AIRSAR data of four geologic units at Pisgah 
volcanic field shows that the model is able to predict measured a° to within ±3 dB. The empirical 
model may be inverted to estimate rms height (5, in cm) from measured a 0 for surfaces with ks< 3 [Ls, 
or "electromagnetic roughness," is the wavenumber ( k=2n/X , X^radar wavelength) times a]. For 
example, model inversion for a platform pahoehoe unit at 30°-50° incidence angles (0) was able to 
estimate s to within ±1 cm of the measured value of 3 cm. Work is underway to extend the 
applicability of this model to rougher natural surfaces and to apply these results to estimation of 
surface roughness on Venus through analyses of Magellan radar data. 

The radar backscatter response of surfaces is a complex function of radar instrument parameters 
and surface characteristics. Theoretical radar backscatter models seek to characterize this response 
for cases that may have little or no applicability to most natural surfaces. For many natural surfaces, 
none of the commonly used theoretical models (small perturbation model [2], physical optics model 
[3], and their modified or combined versions [4,5]) is appropriate; natural surfaces are complex and 
may have both large- and small-scale roughness or a continuous distribution of roughnesses with 
respect to a given X. Until appropriate theoretical backscatter models are available for natural 
surfaces, an empirical model relating measured surface characteristics to radar backscatter may 
provide a useful means of extracting physical parameters such as surface roughness from calibrated 
radar images of geologic surfaces. 

I have compared calculated empirical backscatter values with calibrated data from the NASA/JPL 
Airborne Imaging Radar (AIRSAR) for four geologic units with a range of roughnesses. The four 
units occur at Pisgah volcanic field, California. They are playa material (5=0.83 cm, dielectric 
constant e r =2.36) [6,7]; "platform" pahoehoe (5=3.0 cm, e r =4.5) [7]; hummocky pahoehoe (5=6.0 
cm, e r =4.0) [8,9]; and clinkery aa lava flows (5=20.0 cm, e r =4.0) [8,9]. Pisgah AIRSAR images 
were calibrated to accuracy of ±3 dB [10]. Backscatter coefficients were extracted at L- and C-band 
wavelengths (24 and 5.6 cm, respectively) and at HH, HV, and W polarizations. 

The Model: The empirical radar backscatter model was developed by Oh et al. [1], who used 
polarimetric radar measurements collected with a scatterometer for bare soil surfaces under a variety 
of roughness conditions at L- (24 cm), C- (6.3 cm), and X-bands (3.16 cm) and at 0=1O°-7O°. 
Ground truth data (5, correlation length, and ej-) were collected for each surface by using a laser 
profiler and dielectric probes. Radar measurements were made for dry and wet surfaces for surface 
roughnesses of 5=0.32-3.02 cm; only the dry-surface data (moisture content-0.15 wt.%) are 
considered here. Surface-height distributions for the four model surfaces were -Gaussian, with 
measured autocorrelation functions of exponential form for the three smoothest surfaces and of 
Gaussian form for the roughest surface. For the model surfaces 5 ranged from 5=0.32 to 3.02 cm, 
and the "electromagnetic roughness" ranged from fcs=0.1 to 6.01. 


For development of the model, the angular (0~1O°-7O°) backscattering behavior of the model 
surfaces was observed at VV, HV, and HH polarizations and at L-, C-, and X-bands [1], For a° vv and 
q=30°-70°, a sensitivity to surface roughness was observed; backscatter for 5=0.3-3.0 cm increased in 
strength and decreased in slope, indicating a decreasing dependence on 0 for increasing 5 . Also in 
this wavelength range, o°w at X-band was observed to vary little with increasing 5 , indicating an 
insensitivity of a 0 vv to 5 for ks> 2.0. A strong similarity in angular behavior and backscatter strength 
was ^observed [1] between (T°hh and <J°vv> and the ratio of these values (the co-polarized ratio, 
P =<J °hh/o°vv) is always <1, approaching 1 as ks increases. For smoother surfaces, p is a function of 0, 
decreasing as 0 increases. For rougher surfaces (e.g., ks> 3), p~l and is independent of 0. For co¬ 
polarized ratio data, these observations indicate a strong dependence on ks, an implicit dependence on 
€ r , and (at higher 0) a weak dependence on 0. Although the behavior of a°hv and a 0 vv with respect 
to 0 is very similar for a given X and 5, o°hv is always less than o°vvi for increasing ks the separation 
between o°hv and ct°w decreases, and the cross-polarized ratio (q=a 0 h v /o°vv) increases with 
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increasing ks. For dry surfaces, these observations of cross-polarized ratio data reflect a strong 
dependence on ks, an implicit dependence on e r , and a lack of dependence on 0. 

Co- and cross-polarized ratio data (p and q) as functions of ks for a range of s and at 0=3O°-5O° 
were used [1] to derive empirical functions: q is a function of nadir Fresnel reflectivity (Tq, and thus 
e r ) and ks; p is a function of q, r 0 , 0, and ks. The magnitudes of the backscattering coefficients are 
given by additional empirical relations: o°vv is a function of ks, p, and the horizontal and vertical 
components of the Fresnel reflectivities (F h, Ty) of the surface at 0; o°hh is ® function of ks, p, fh> 
and T v ; and a°hv is a function of q and a° vv . Note that p is very sensitive to both ks and e r ; for dry, 
smooth surfaces with low e r and small ks, p approaches 0 very rapidly. Thus, the empirical model 
does not predict significant differences between o°hh and a° vv for most dry surfaces; for ks<2 , the 
factor p accounts for the small differences between o°hh and o°w and includes a dependence on g r. 
Also, no attempt was made to include a coherent component in the empirical model, so its range of 
applicability does not extend to 0<2O° for smooth surfaces. For rougher surfaces, a coherent 
component is expected to be negligible and so the model may be used at 0=1O°-7O°. 

Application: Surface characteristics (s, e r ) for four units at Pisgah were used in conjunction with 
the empirical backscatter model [1] to predict a 0 at C- and L-bands. Predicted values were compared 
with a 0 for the same sites. Agreement between the model and the measured values is influenced by 
the exact values of g r and s used in the model calculations. Tests indicate that the model is more 
sensitive to variation in s than in g f for smooth surfaces. For rougher surfaces (e.g., aa, ks— 22), the 
model is less sensitive to changes in either s or e r, with only slightly more sensitivity to variation in 
e r than in s. Agreement between measured and model data is quite good for o°hv and a°w, for 
which the empirical model predicted c° to within ±3 dB of the measured values (the estimated range 
of calibration accuracy of the AIRSAR data). However, the agreement between measured and model 
data is poorer for a°hh> for which the measured data are as much as 7 dB lower than the predicted 
values. As described above, the empirical backscatter model predicts little or no difference in a°hh 
and <T°vv'» apparently the scatterometer data from which the empirical model was derived exhibited 
comparable a°hh and a° V y As indicated by [2] for the general theoretical behavior of a° at 0-30°- 
60° for slightly rough surfaces, o°hh is expected to be lower than o°w> suggesting that the AIRSAR 
data show more realistic backscattering differences at horizontal and vertical polarizations. This 
discrepancy between the scatterometer data and the AIRSAR data is under investigation. 

The empirical model [1] may be inverted to estimate s from measured backscatter data for 
surfaces with ks< 3.0. Such an inversion was conducted for the platform pahoehoe by using L-band 
AIRSAR data (ks=0.6). All calculated s values are within ±1 cm of the measured value of 3.0 cm. 
However, a different T 0 is required for each 0, confirming the complexity of modeling backscatter 
from natural surfaces (radar energy no doubt "sees" a single surface roughness differently at each 0 
for a given X). 

These promising results suggest that Magellan data can be used to infer surface roughnesses on 
Venus. Such roughness data can serve as a basis for comparison of the terrestrial and Venusian lava 
flow textures that are indicative of flow eruption and emplacement processes. Quantitative 
morphologic and surface textural analyses of lava flows can then be complemented by correlation of 
backscatter data with physical properties and/or composition as constrained by Magellan altimetry 
and emissivity data. Future work with this empirical backscatter model will involve modifications of 
the model to reflect accurate differences in HH and W, as well as extension of the model to rougher 
surfaces (ks> 6). 


References: [1] Oh, Y. et al., IEEE Trans. Geocsci. Rem. Sens. . GE-30* 370-381, 1992; [2] Ulaby, 
F.T. et al., Microwave Remote Sensing. Active and Passive, II, 1982; [3] Beckmann, P. and A. 
Spizzichino, The Scattering of Electromagnetic Waves from Rough Surfac es, 1987; [4] Brown, G.S., 
IEEE Trans Ant. Pron. . AP-26, 472-482, 1978; [5] Fung, A.K. and HJ. Eom, IEEE Tran§, Ant, 
Pron.. AP-29, 463-471, 1981; [6] Gaddis, L.R., GSA Bull. . 104, 695-703, 1992; [7] van Zyl, J.J. et al., 
GRL 18 1787-1790, 1991; [8] Greeley, R. et al„ submitted to Desert Aeolian Processes (Tchakerian, 
ed.); [9] Arvidson, R.E. et al., GSAB. 105, 175-188, 1993; [10] van Zyl, J.J., IEEE Trans, GeoscL 
Rem. Sens. . 28, 337-348, 1990. 
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SPECTRAL UNIT MAP OF THE MOON WITH IMPROVED GALILEO SSI MOSAICS; 

Lisa Gaddis, Alfred McEwen, and Tammy Becker, U.S. Geological Survey, 2255 N. Gemini Drive, 
Flagstaff, AZ 86001 

Overview: We produced a mosaic of calibrated Galileo SSI data from EMI and EM2, providing 
a nearly global multispectral map (~75% coverage) of the lunar surface. From this mosaic, we 
produced a spectral unit map by using supervised classification and a minimum-distance algorithm. 
Preliminary results of analysis of the spectral unit map include these observations: (1) exposures of 
nearly pure anorthosite are not distinguishable from immature highland soils with the SSI data; (2) 
the South Pole/Aitken basin interior has a very heterogeneous composition including several mare 
units and materials similar to Apollo 14 and Apollo 16 highlands; (3) cryptomare regions near 
Schiller/Schickard and Mendel-Rydberg are similar to the Apollo 14 mixed-lithology 
(highland/mare) unit; and (4) the previously published spectral-unit boundaries for nearside maria 
will require some refinements. 

The Galileo Solid-State Imaging (SSI) experiment acquired multispectral images of the Moon in 
1990 (EMI) and 1992 (EM2) [1], SSI data were collected at wavelengths of 412, 560, 664, 731, 757, 
888, and 990 nm. The EMI data cover the western lunar hemisphere (Orientale), including -45% of 
the farside, at resolutions of 4 to 30 km/pixel. The EM2 data cover the lunar north polar, eastern 
limb, and nearside regions at resolutions of 1.1 to 5.3 km/pixel. Altogether, the EMI and EM2 data 
cover -75% of the Moon’s surface. Initial calibration and mosaicking of the datasets are described 
by [2], More recently, we have updated the calibration and mosaicking of EMI data in light of our 
experience and improved understanding of the SSI instrument and data characteristics after the EM2 
encounter. In addition, a fully calibrated EM2 nearside and north polar mosaic (incorporating 
mosaic sequences LUNMOS-6 and -7, with 10°-40° phase angles) is now available. We have 
produced a combined EM1/EM2 mosaic of SSI data, providing a nearly global view of color 
variations on the Moon. 

We conducted a preliminary analysis of the EM1/EM2 mosaic to examine major lunar color-unit 
boundaries and possible compositional affinities. Our analyses have used four of the seven SSI 
filters: (1) the 412/560 nm or "UV/VIS" ratio, related to Ti02 content (high UV/VIS~high Ti02 and 
vice versa) of mature mare soils [3]; (2) the 560/757 nm "continuum slope" (CS), related to Ti02 
content, composition, and maturity of soils; (3) the 757/968 nm 1-pm "mafic mineral" (MM) 
absorption, related to the abundance of Fe-bearing minerals in soils; and (4) the 560 nm "visible 
albedo data. We performed a supervised classification (using a simple minimum-distance classifier) 
of the color-ratio and albedo data from the EM1/EM2 mosaic. Spectral units used as training sites in 
the classification were (1) 11 mare basalts (distinguished by UV/VIS, albedo, and 1-pm absorption 
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strength [4]); (2) 3 highlands units (the Apollo 14 and 16 landing sites and the Orientale ring 
anorthosite massif [5]); (3) 4 craters (Copernicus melt [6], the olivine-rich Bullialdus central peak [7], 
and the Aristarchus and Tycho interiors [2]); and (4) dark-mantle deposits (DMD; Aristarchus [8] 
and Apollo 17/Taurus-Littrow [9] DMD). Classification results indicate that the inferred feldspathic 
composition of the anorthosite massif [5] in the Inner Rook Mountains of Orientale cannot be readily 
distinguished from the high-albedo, immature soils associated with fresh highland craters such as 
Tycho (both units are distinguished by high albedo and similar color properties). The region of the 
farside South Pole/Aitken (SP/A) basin shows highly heterogeneous spectral signatures indicative of 
extensive lithologic mixing [3,10], with possible compositional affinities to Apollo 14 and Apollo 16 
highland materials and an asymmetric distribution of mixed mare types. The southern region of 
SP/A shows a slightly stronger MM absorption than the northern region, suggesting a more mafic 
composition. Cryptomare deposits of the Mendel-Rydberg [3,10] and Schiller/Schickard 
[3,10,11,12] regions—as well as highlands units northwest of Mare Frigoris—show compositional 
affinities with the Apollo 14 highlands spectral unit. This highland affinity might be expected for 
compositionally mixed highlands/mare units such as those sampled by Apollo 14 [13]. DMD at 
Aristarchus Plateau and at Sulpicius Gallus are spectrally similar (low UV/VIS, strong MM) but are 
distinct from the DMD at Taurus-Littrow and Sinus Aestuum (-high UV/VIS, -weak MM). These 
spectral affinities are consistent with previous results. Earth-based spectra for DMD at Aristarchus 
Plateau [8] and Sulpicius Gallus [14] show prominent iron absorptions, suggesting that these deposits 
have a significant component of Fe-bearing glass beads similar to those sampled at Taurus-Littrow 
[9]. Spectral signatures of DMD at Taurus-Littrow and Sinus Aestuum are thought to be dominated 
by black, devitrified beads identified by Apollo 17 [15]. 

Continued analyses of this multispectral Galileo SSI EMI and EM2 mosaic will enable us to 
refine existing spectral unit boundaries and perhaps to identify previously unrecognized spectral 
classes among the lunar soils. It is also anticipated that analyses of these data will result in an 
improved baseline dataset for site selection, image targeting, calibration, and multispectral image 
analysis for the SDIO/NASA Clementine mission. 

References: [1] Belton et al., 1992, Science, 255, 570; [2] McEwen et al., 1993a, LPS XXIV, 955; 
and McEwen et al., 1993b, JGR, 98, 17207; [3] Pieters, C.M. et al., 1993, JGR, 98, 17127; [4] Pieters, 
C.M., 1978, PLSC 9, 2825; [5] Hawke, B.R. et al., 1992, LPS XXIII, 505; [6] Smrekar, S. and C. 
Pieters, 1985, Icarus, 63, 442; [7] Pieters, C.M., 1991, GRL, 18, 2129; [8] Lucey, P. et al., PLPSC 16, 
JGR, 91, D344; [9] Pieters, C.M. et al., 1973, JGR, 78, 5867; [10] Head, J.W. et al., 1993, JGR, 98, 
17149; [11] Mustard, J.F. et al., 1992, LPS XXIII, 957; [12] Greeley, R. et al., 1993, JGR, 98, 17183; 
[13] Wilhelms, D„ 1987, USGS Prof. Pap. 1348\ [14] Head, J.W. et al., 1980, LPS XI, 418; [15] 
Gaddis, L.R. et al., 1985, Icarus, 61, 461. 
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INFLUENCE OF VARIABLE OXYGEN AND SULFUR FUGACITY ON 
PARTITIONING OF Ni, Cu AND Cr AMONG OLIVINE, SILICATE MELT AND 
SULFIDE MELT. Glenn A. Gaetani and Timothy L. Grove, Dept. Earth, Atmospheric and 
Planetary Sciences, Massachusetts Institute of Technology, Cambridge, Mass 02139 

Introduction. The absolute and relative abundances of siderophile elements in the silicate 
mantles of terrestrial planets provide constraints on the conditions under which their metallic 
cores segregated [1], It has been recognized for nearly thirty years that the siderophile 
abundances in the Earth's upper mantle are inconsistent with simple metal/silicate equilibrium 
[2], It has been suggested that a light element, such as S, dissolved in an FeNi metallic liquid 
may have affected the distribution of siderophile elements during segregation of the core [3,4]. 
Here we report the results of experiments designed to determine the influence of variations in 
the fugacities of oxygen (fQ 2 ) and sulfur (fg 2 ) on the partitioning of Ni, Cu and Cr among 
coexisting olivine, silicate melt and sulfide melt. Our experimental results indicate that at a 
constant temperature the partition coefficients for Cu and Cr between sulfide melt and silicate 
melt increase as the ratio of fo 2 to fg 2 decreases. The sulfide melt/silicate melt partitioning 
behavior of Ni at low fQ 2 /high f S2 conditions is complicated by composition-related variations in 
the solubility of NiS in the silicate melt. The olivine/silicate melt partition coefficient for Cr 
increases with decreasing fo 2 /fg 2 ratio, while Ni becomes less compatible in olivine relative to 
silicate melt. 

Experimental and Analytical Methods. Experiments were performed at 1 atm in crucibles 
fabricated from San Carlos olivine (Fog^j), with fQ 2 and fg 2 controlled by mixing C0 2 , CO 
and S0 2 gases. Starting compositions were a Ca0-Mg0-Al 2 0 3 -Si0 2 -Fe0-Na 2 0 analog for a 
chondrule from an ordinary chondrite (Fo86) [5] doped with FeS and NiO, and a synthetic 
Monro Township komatiite (KOM) [6], containing Cr 2 0 3 , doped with FeS, NiO, and CuO. 
Experiments were performed at a single temperature, with fo 2 ranging from 1 log unit below the 
fayalite-magnetite-quartz (FMQ) oxygen buffer to the iron-wustite (IW) oxygen buffer and f S2 
ranging from 1.7 to 2.7 log units above to FeFeS sulfur buffer. Experimental run products were 
analyzed by electron microprobe. Analytical conditions for trace elements were 15 kV 
accelerating potential and a beam current of 200 nA with counting times ranging from 250 to 
700 s, depending on concentration of the trace element. 

Results and Discussion. Table 1 reports the sulfide melt/silicate melt partition coefficients 
(Di sf7si1 ) determined experimentally for high f 02 /low f S2 and low f Q2 /high f S2 conditions. 


Table 1. Sulfide melt/silicate melt partition coefficients for Ni, Cu and Cr. 


Experiment 

T (°C) 

Log {q 2 

Log f S2 

D Nj s ffsil 

D C u sf7sil 

D Cr sf/ s il 

Fo86-8s 

1350 

-7.9 

-2.5 

570 



Fo86-10s 

1350 

-10.2 

-1.5 

2000 

_ 


KOM-Is 

1350 

-7.9 

-2.5 

540 

270 

<0.011 

KOM-3s 

1350 

-10.2 

-1.5 

510 

910 

44 

I Cr concentration in sulfide melt below detection limit of electron microprobe. 


The sulfide melt/silicate melt partition coefficients for both Cu and Cr increase as the fQ 2 /fg 2 
ratio decreases. Further, the solubility of both elements decreases in the silicate melt, Cu by a 
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factor of 12 and Cr by a factor of 6. The partitioning behavior of Ni appears to be more 
complicated. Experiments performed on the Fo86 composition show a factor of 3.5 increase in 
D sf/sil while Ni partitioning between sulfide melt and komatiite appears to be insensitive to 
thechanging conditions. Table 2 reports the olivine/silicate melt partition coefficients measured 
in our experiments, along with the concentrations of nickel (Ni s,I > and sulfur (S SI ) dissolved in 
the silicate melt and the value of D Ni ol/sil predicted from the composition of the silicate melt in a 

S-free system [8]. 


Table 2 Ol ivine/silicate melt partition coefficients for Ni, Cu and Cr, --- 

Experiment Nif Sf D N. ofeil Dcu ol/sil D C, oL;s " 


Fo86-8s 0.102 

Fo86-10s 0.006 

KOM-ls 0.068 

KOM-3s 0.014 


0.031 

7.9 ±0.9 

7.5 ±0.2 

— 

— 

0.080 

7.1 ±0.9 

4.0 ± 0.4 

— 

— 

0.073 

6.7 ±0.9 

6.74 ± 0.06 

0.10 

0.65 

0.155 

6.1 ±0.8 

0.94 ± 0.02 

t 

3.4 


t Olivine/silicate melt partition coefficient predicted using the expressions of Kinzler et al.[8]. 
j Cu concentration in olivine below detection limit of electron microprobe. 

The most striking results for olivine/silicate melt partitioning are the anomalously low D Ni ol/si1 
values obtained at low f 02 /high f S2 conditions, while at high f 02 /low f S2 conditions the observed 
partition coefficients are within uncertainty of the predicted values. Selective retention of Ni in 
the silicate melt relative to olivine is attributable to the existence of NiS species m the silicate 
melt [9,10]. The deviation of the observed D Ni ol/si1 from the predicted values can be used to 
estimate the NiS/NiO ratio of the silicate melts at low fo 2 /high f S2 conditions (0.78 for Fo86-10s 
and 5.4 for KOM-3s). If we then consider the sulfide melt/silicate melt exchange reaction. 


NiO sil + -jS| as = NiS sulf +70® as 


and calculate simple Nemst distribution coefficients for the two sulfide melt/silicate melt pairs^ 
we obtain similar values (3,700 for F086 and 3,100 for KOM). Further, the estimated NiO 
concentrations of the two silicate melts are similar (0.004 for F086 and 0.003 for KOM) despite 
significant differences in total Ni. The difference in NiS solubility between the Fo86 and KOM 
compositions may be due to differences in the degree of polymerization of the silicate melt, as 
Fo86 has a higher ratio of network formers to network modifiers. It therefore appears that at 
extremely reducing conditions, when the fugacity of sulfur is high, the NiS content of the silicate 
melt may have a significant effect on observed partition coefficients for both ohvine/silicate melt 
and sulfide melt/silicate melt pairs. This implies that it is necessary to know something about the 
composition of the silicate melt, in addition to the ambient conditions, in order to model the 
evolution of siderophile elements in the mantles of terrestrial planets. 


References. [1] Jones and Drake, 1986, Nature, 322:221-228; [2] Ringwood, 1966, 
Geochim. Cosmochim. Acta, 30:41-104; [3] Arculus and Delano, 1981, Geochim. Cosmochim. 
Acta 45:1331-1343; [4] Brett, 1984, Geochim. Cosmochim. Acta, 48:1183-1188; [5] Ehlers et 
al. 1992 Geochim. Cosmochim. Acta, 56:3733-3743; [6] Kinzler and Grove, 1985, Am. Min., 
70:40-51; [8] Kinzler et al., 1990, Geochim. Cosmochim. Acta, 1255-1265; [9] Naldrett, 1989, 
Magmatic Sulfide Deposits, p. 36; [10] Gaetani et al., 1993, EOS, 74:337-338. 
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NATURE AND ORIGINS OF THE OLIVINE-DOMINATED A- AND S(I)-TYPE ASTEROIDS; 

M. J. Gaffey, Dept. Earth Environ. Sci., Rensselaer Polytechnic Inst., Troy, New York 12181 

Olivine is the most abundant mineral which can be unambiguously identified on asteroid 
surfaces. Olivine is also the most abundant mineral in anhydrous silicate bodies of chondritic 
(or solar) composition. In undifferentiated asteroids and in chondritic meteorite parent bodies, 
this olivine is intimately mixed with a variety of other mineral species. However, the A-type 
asteroids and a significant portion of the S-type asteroids exhibit spectra indicating the 
presence of large concentrations of nearly pure olivine produced by igneous processes. 
Consideration of the nature of these igneous processes leads to constraints on the size of the 
parent planetesimals of these olivine-rich asteroids and on the identification of additional 
fragments of those specific disrupted parent bodies. 

Olivine can be concentrated in three general ways by igneous processes depending on the 
peak temperature attained within a parent planetesimal. These include: i) extraction of a melt 
containing the basaltic components (pyroxene & feldspar) at low degrees of partial melting to 
leave a residual intimate mixture of olivine and metal-metal sulfides; ii) gravitational 
segregation of metal melt from the solid or partially solid olivine at high degrees of partial 
melting; and iii) gravitational segregation of dense, early crystallizing olivine to form an 
olivine cumulate layer in bodies which had undergone complete or nearly complete melting [1- 
3]. Meteorites such as brachinites, lodranites and (some) ureilites appear to have been 
produced by the first process [3,4,5]. Pallasites apparently represent samples of the olivine- 
metal boundary region in bodies produced by the second or third processes. Residual or cumulate 
olivine achondrites produced by the second or third processes have not been unambiguously 
recognized in meteorite collections. 

Three general types of differentiated parent bodies (shown schematically on the figure 
below) include large olivine-dominated regions: I) a residual intimate olivine-metal mixture 
[ol/metal ~ 1-5] in the interior underlying the basaltic crust of bodies which underwent low 
degrees of partial melting; II) a residual olivine layer sandwiched between the metal core and 
basaltic crust of bodies which underwent high degrees of partial melting; and III) a cumulate 
olivine layer sandwiched between the metal core and basaltic crust of bodies which underwent 
complete or essentially complete melting and magmatic differentiation. For smaller bodies with 
abundant volatiles the basaltic component may have been expelled from the body by explosive 
volcanism [3,5,6]. Olivine-dominated asteroids represent samples of these olivine-rich 
regions released by the collisional disruption of such parent bodies. 

> II III 



Assuming efficient basaltic melt extraction [2], the relative dimensions of the olivine- 
metal volume (case I: 0.80 to 0.94 of the body radius) or olivine layer (cases II & III: 0.29 to 
0.47 of the body radius) depends on the initial composition of the parent body (i.e., chondritic 
types H to CV/CO). The metal cores for cases II and III have fractional radii of 0.47 and 0.31 for 
H-type and CV/CO-type precursors, respectively. 
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The A-type asteroids exhibit significantly stronger (~2x) olivine absorption features 
than the most olivine-rich S-asteroids (subtype S(l)) of comparable sizes [2]. It appears 
probable that the A-type assemblages represent fragments of case III parent bodies. The more 
strongly featured and higher albedo S(l)-objects (e.g., 113 Amalthea, 354 Eleonora) appear to 
represent fragments of case II parent objects, while the more weakly featured and lower albedo 
S(l)-object (e.g., 42 Isis) and associated objects (e.g., 9 Metis, 89 Julia) appear to sample 
case I parent planetesimals. 

Based on the IRAS diameters of these olivine-dominated asteroids [7], the table below 
indicates the minimum diameter of their parent planetesimals assuming that they were derived 
from mantle layers in cases II and III and the maximum diameter of the parent planetesimals for 
objects which would still include the core of the parent body. For a case I parent object, the 
minimum diameter is indicated. In each case the diameters for H-type and for CV/CO-type 
parent compositions are indicated. 

Parent Planetesimal Diameters as a Function of Parent Body Composition and. Fra gment Source 


Object 

TvDe Case 

Minimum Diameter 
if Mantle Fragment 

H CV/CO 

Maximum Diameter 
if Core Included 

H CV/CQ 

289 

Nenetta 

A III 

285 km 

175 km 

90 km 

135 km 

446 

Aeternitas 

A III 

295 km 

180 km 

90 km 

140 km 

113 

Amalthea 

S(l) II 

330 km 

205 km 

100 km 

155 km 

354 

Eleonora 

S(0 II 

1120 km 

690 km 

345 km 

520 km 

42 

Isis 

S(l) 1 

135 km 

115 km 



89 

Julia 

S(U) 1 

200 km 

170 km 




Most are consistent with mantle fragments of 200 to 350 km parent planetesimals which 
fully melted (289, 446) or which extensively partially melted (113). 354 Eleonora probably 
still contains the core derived from a 350-520 km parent planetesimal. 

Considerations of the relative survival probabilities of asteroidal bodies suggests that it is 
highly likely that the smaller case II and III objects (e.g., 298 Nenetta, 446 Aeternitas, 113 
Amalthea) are not the largest remaining fragments of their respective parent bodies. Among the 
suite of fragments produced by the catastrophic disruption of a parent planetesimal, the larger 
and stronger (i.e., metal-rich) bodies have longer lifetimes against subsequent collisional 
destruction than smaller and weaker (i.e., silicate-rich) bodies. As noted above [2], the 
diameter of the cores ranges from 1.3 to 3.2 times the thickness of the overlying olivine-rich 
layer in cases II and III. The survival probability of such core objects (i.e., larger and metal- 
rich) is higher than that of the smaller, silicate-rich case II and III objects discussed above. 
Therefore it seems probable that each of these case II and III bodies (41-48 km) should have a 
large associated core fragment (an S- or M-type >55 - 155 km) located in a relatively nearby 
orbit. We are currently surveying the asteroid population near each of these case II and III 
olivine-rich asteroids to identify candidates for the associated cores. 

Acknowledgements: This work was supported NSF Solar System Astronomy grant AST- 
9012180 and by NASA Planetary Geology and Geophysics grant NAGW-642. 

References: [1] Taylor G. J. (1992) JGR (Planets) 97, 14717-14726. [2] Gaffey M. J. et 
al. (1993) Icarus , in press. [3] Taylor G. J. et al. (1993) Meteoritics 28, 34-52. [4] 

Nehru C. E et al. (1992) Meteoritics 27, 267 (abstract). [5] Warren P. H. and Kallemeyn G. 
W. (1992) Icarus 100, 110-126. [6] Keil K. and Wilson L. (1993) Earth Planet. Sci. Lett. 
117, 111-124. [7] Tedesco E. F. (1989) In Asteroids II (eds. R. P. Binzel, T. Gehrels and M. 
S. Matthews), pp. 1090-1138. Univ. Arizona Press, Tucson. 
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INTERSTELLAR GRAPHITE IN TIESCHITZ; X. Gao, C. Alexander, P. Swan 
and R. Walker, McDonnell Center for the Space Sciences and Department of Physics, Washington 
University, One Brookings Drive, St. Louis, MO 63130-4899. 

In previous work on the CM meteorite Murchison, chemical and physical techniques were 
used to produce separates rich in spherical graphite particles [1]. Most grains exhibit highly 
anomalous 12 C/ 13 C ratios as well as anomalies in other, minor elements indicative of a 
circumstellar origin for the grains [2]. In this work, we report the first observation of similar 
interstellar carbon-rich spherules in separates from an ordinary chondrite. New separation and 
mapping procedures used to assess the concentration of these and other interstellar grain 
components are also described. 

A 4.5 gm starting sample of Tieschitz was treated using a modification of the original 
methods developed by the Chicago group [3]. The modified methods were developed to produce 
samples enriched in the known interstellar phases (diamonds, SiC, graphite, corundum) more 
rapidly, and with smaller starting amounts of material, than previously done. The resulting 
interstellar grain-rich separates are smaller and less pure than those of the Murchison K series, but 
as we demonstrate here and in a companion abstract dealing with interstellar oxide grains [4], they 
contain enough interstellar material to measure in a variety of ways. A key element in the new 
method is the use of x-ray mapping [5] to locate interesting species at various stages in the 
separation procedure. Concentrations of different species are determined directly by a combination 
of weighing and mapping. The interstellar origins of various components are further assessed by 
ion probe isotopic measurements. This approach for determining the concentrations of interstellar 
dust species is thus fundamentally different than indirect methods used to infer the concentrations 
of various interstellar phases (based, for example, on noble gas measurements [6]). 

After toluene-methanol extraction, the remaining Tieschitz sample was reacted with HF- 
HC1 in a pressure bomb to dissolve silicates, and subsequently treated with Na2Cr207 to remove 
reactive kerogens. A diamond-rich fraction was prepared by colloidal separation. The remaining 
material was separated by density and grain size into sub-samples enriched in various phases. 
SEM mapping of a density separate of 1.9-2.4 g/cm3 and nominal size > 0.2 pm showed that this 
fraction contains many carbon-rich spherulitic particles with morphologies similar to those 
previously shown to be interstellar graphite grains [2,7]. 

Thirty-eight of these grains, chosen on the basis of their external morphologies and high 
carbon x-ray count rates, were subsequently analyzed in the ion microprobe for their carbon and 
nitrogen isotopic compositions. As shown in Fig. 1, two of the spherules studied have highly 
anomalous 12C/13C ratios that fall within the (large) range previously measured in graphite grains 
from Murchison [2] and are similarly identified as interstellar material, probably graphite. One 
grain with normal C composition appears to be enriched in 15N. 

In contrast to the relative paucity of isotopically anomalous carbon-rich spherules found 
here (3/38), 50% to 95% of similar spherules from different density fractions of Murchison 
residues, encompassing about the same range as the Tieschitz separate studied here, are 
anomalous. The origin of these carbon-rich spherulites with isotopically normal carbon is unclear. 
Some such grains exhibit N and/or Mg anomalies and thus do not appear to have formed in the 
solar system. Whatever their origin, their abundance relative to that of the demonstrably interstellar 
graphite grains appears to be much higher in Tieschitz than in Murchison. However it must be 
noted that isotopic patterns are known to be associated with external morphologies [8] and we 
cannot rule out the possibility that the apparent difference results from selection biases used by 
different investigators in choosing which grains to measure in the ion probe. As we show in Fig. 
2, grains of both normal and anomalous isotopic compositions can have similar "graphitic" 
appearances. 

One of the primary purposes in developing the modified etching procedures described here 
was to survey, by direct measurement, the concentration of different interstellar phases in various 
meteorites. Based on the weight fractions of various residues and the proportion of isotopically 
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anomalous grains, we estimate that the bulk concentration of demonstrably interstellar graphite in 
Tieschitz is almost lOOx less than that in Murchison. Considering that the interstellar material 
probably resides exclusively in the fine-grained matrix, there still appears to be an order of 
magnitude lower concentration in Tieschitz than in Murchison. 

References: [1] Amari S. et al. (1990) Nature 345, 238-240. [2] Amari S. et al. (1993) Nature 
365, 806-809. [3] Amari S. et al. (1993) Geochim. Cosmochim. Acta (in press). [4] Nittler L. et 
al. (1994) LPSC XXV, submitted. [5] Swan P. et al. (1989) LPSC XX, 1093-1094. [6] Huss 
G. (1990) Nature 347, 159-162. [7] Bernatowicz T. et al. (1991) Ap. J. 373, L73-L76. [8] 
Amari S. et al. (1993) Meteoritics 28, 316-317. 

Figure 1. Isotopic composition of Tieschitz graphite and comparison with that of Murchison 
graphite. 



Figure 2. Two carbon-rich spherules from Tieschitz. 2a is isotopically anomalous with 
12 C/ 13 C = 8.8, 2b has normal isotopic composition 
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SOLAR PROTON PRODUCED NEON IN SHERGOTTITE METEORITES 
D. H. Garrison 1 , M. N. Rao 1 , and D. D. Bogard 2 ( 1 Lockheed-ESC and 2 Code SN1, NASA, Johnson 
Space Center, Houston, TX 77058) 

Cosmogenic radionuclides produced by near-surface, nuclear interactions of energetic solar protons 
010-100 MeV) have been reported in several lunar rocks and a very few small meteorites. We recently 
documented the existence and isotopic compositions of solar-produced, or SCR Ne in two lunar rocks [I, 2]. 
Here we present the first documented evidence for SCR Ne in a meteorite, ALH77005, which was reported to 
contain SCR radionuclides [3]. Examination of literature data for other shergottites suggest that they may also 
contain a SCR Ne component. Existence of SCR Ne in shergottites may be related to a martian origin. 

Solar-Produced Ne in ALH77005: To resolve SCR Ne produced near the surface of ALH77005 from 
galactic (GCR) Ne expected to dominate at depths below a few cm, we made temperature extractions of 7 
samples from different shielding depths. A three-isotope Ne correlation plot (Fig. 1) indicates that most of the 
Ne is cosmogenic in composition; only the first (350°C) extractions, releasing a small fraction of the total Ne, 
plot outside of Fig. 1 and along the trend lines that connect with atmospheric composition. The cosmogenic 
21 Ne/ 22 Ne ratio in ALH77005 appears variable, however, and gives values of 0.71-0.78 (for 20Ne/22Ne < 1.0). 
These ratios are less than those shown by typical chondrites, e.g., the 31 H-chondrites plotted on the same 
21 Ne/ 22 Ne scale in Fig. 1 [4]. The range of 21 Ne/ 22 Ne ratios shown by 30 of these chondrites (0.82-0.94) spans 
much of the range that is predicted to occur from significant variations in GCR shielding depths [5]. High 
^He/^Ne ratios (ALH77005 is "8) and 21 Ne/ 22 Ne ratios below *0.8 are very difficult to obtain in chondrites 
from GCR shielding alone [5]. 

We conclude that ALH77005 contains, in addition to a GCR component, a SCR Ne component having 
the calculated composition (Fig. 1) for energetic solar protons over a shielding range of 0.5-10 g/cm^ [6]. This 
is the first description of SCR Ne in a meteorite. In addition to having lower ^Ne/^Ne ratios, those 
ALH77005 samples believed to have resided nearer the meteorite surface also tend to have somewhat larger 
concentrations of total cosmogenic 21 Ne compared to more interior samples. This observation is consistent 
with an extra SCR component but not with GCR production as a function of depth. Because the predicted 
SCR/GCR production ratio for Ne varies *1-0.1 over shielding depths of *0.7-8 g/cm 2 (6), 21 Ne/ 22 Ne in 
ALH77005 is expected to vary *0.70-0.80 over the same shielding range, in agreement with measured data. We 
recently showed very systematic correlations in cosmogenic 21 Ne concentrations, 21 Ne/ 22 Ne ratios, and 
subsurface depths for samples from lunar rock 61016; these were attributed to a depth-variable SCR component 
[1]. One H-chondrite (Fig. 1) gave 21 Ne/ 22 Ne =0.74 and high ^He/^Ne =9 indicative of irradiation under low 
GCR shielding [4]; we suggest that this chondrite also contains a SCR Ne component. 

SCR Ne in Other Shergottites: Literature data [7, 8,9,10,11,12,13,14,15 16,17] of Ne released during 
temperature extractions of shergottites EET79001, LEW88516, Shergotty, and Zagami also show 21 Ne/ 22 Ne 
lower than that for typical chondrites and suggest the presence of SCR Ne. A least squares fit to the EET79001 
data (Fig. 2) defines cosmogenic ^Ne/^Ne =0.76 at ^e/^Ne =0.85 and passes near the atmospheric 
composition. Data for the other shergottites (Fig. 2 inset with the same 21 Ne/ 22 Ne scale) show a more 
cosmogenic composition and indicate 21 Ne/ 22 Ne of *0.73-0.83. (One temperature extraction of Shergotty 
shows a chondrite-like 21 Ne/ 22 Ne of 0.88 but an unexplainably low 20 Ne/ 22 Ne.) Measurements of cosmogenic 
radionuclides and tracks in shergottites suggest that they were irradiated as small objects and suffered low 
ablation losses averaging 1-3 cm [3,18]. The cosmogenic 3 He/ 21 Ne ratio for ALH77005 and LEW88516 (*7-8) 
suggests that shielding was less than for the other three shergottites ^He/^Ne =4-6) [17], and thus a larger 
SCR component might be expected in ALH77005. 

Effects of Composition: Because ALH77005 and LEW88516 have chemical compositions similar to 
ordinary chondrites, observed differences in 21 Ne/ 22 Ne (Fig. 1) cannot be caused by target element effects. 
However, because other shergottites show considerable compositional differences compared to chondrites, we 
examined the compositional effects on cosmogenic 21 Ne/ 22 Ne in more detail (Fig. 3). Mg yields a considerably 
lower 21 Ne/ 22 Ne than do Al and Si, and the Mg/Mg+Si+A1 parameter has been previously used to examine 
the effects of sample composition on cosmogenic 21 Ne/ 22 Ne [19, 20]. The oval field labeled "chondrites'' shows 
analyses of silicate mineral separates from two chondrites [see 19], whereas the dashed line represents the 
variations in GCR shielding for the H-chondnte data shown in Fig. 1. Also plotted are data for three eucrites 
[21] and multiple depth samples of lunar rocks 68815 and 61016 [1,2], the latter being pure anorthosite with 
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essentially no Mg. All samples of the two lunar rocks except those with the highest 21 Ne/ 22 Ne were shown to 
contain cfotfirant SCR Ne. These data suggest that GCR 21 Ne/ 22 Ne tends to correlate with Mg in silicates, 
but that even extreme compositional variations ranging from olivine to anorthosite cannot explain the 
ALH77005 data (labeled A in Fig. 3). We conclude that GCR Ne compositions generally would be limited to 
the shaded area of Fig. 3, and that increasing amounts of SCR Ne would move compositions to the left. 

literature data for other shergottites (L, E, Z, and S) as well as Nakhla (N) and Chassigny (C) are also 
shown in Fig. 3. The L and Z points are individual analyses, whereas the E and S points show the median 
values and total ranges of temperature extractions (Fig. 2). Although Chassigny and Nakhla give no evidence of 
SCR Ne, such a component appears to be present in LEW88516, EET79001, and possibly in some samples of 
Zagami and Shergotty. 

It appears that all known shergottites, in contrast to chondrites, contain a cosmogenic Ne component 
with low 2 ^4e/ 22 Ne that cannot be explained by shielding or composition; this suggests a Mars-related factor. 
Some evidence exists that the GCR 21 Ne/ 22 Ne ratio produced from pure Na is as low as 0.4-03. These shocked 
shergottites "light contain such a cosmogenic component produced from Na-rich salts on the martian surface 
and shock-implanted by the process that has been invoked to implant Martian atmospheric gases into 
shergottites [22]. One sample of EET79001 showed variations in cosmogenic 21 Ne/“Ne of 0.74-0.79 during 
temperature extractions [8, and Fig. 2], which might suggest separate release of cosmogenic Ne produced from 
Na compared to that produced within the silicate. Alternatively, orbital parameters of the shergottites during 
transit to earth may have produced more favorable conditions for SCR Ne production. Among the various 
possibilities are lower eccentricities or different inclinations of shergottites compared to chondrites to enhance 
the SCR/GCR production ratio, or smaller entry velocities into the earth's atmosphere to cause lower surface 
ablation of shergottites [H. Zook, pers. comm.]. In the latter case, the longer exposure ages of nakhlites and 
Chassigny compared to shergottites [7] may explain the absence of this SCR Ne in the former. 

References: (1) Rao, Garrison, Bogard A Reedy, J. 

Geophys. Res. 98, 7827,1993; (2) Rao, Garrison, Bogard A Reedy, 
submitted G.CA, 1993; (3) Nishiizumi, Klein, Middleton, Elmore, 

Kubik, A Arnold, G.CA 50,1017,1986; (4) Schultz, Weber A 
Begemann, G.CA 55,59,1991; (5) Graf, Baur A Signer, G.CA 54, 

2521,1990; (6) Reedy, LPSC XXIII, 1133,1992; (7) Bogard, Nyquist 
A Johnson, G.CA. 48,1723,1984; (8) Swindle, Caffee, and 
Hohenberg, G.CA 50,1001,1986; (9) Becker A Pepin, G. CA 50, 

993,1986; (10) Becker A Pepin, LPSC XXIV, 77,1993; (11) Weins, 

Becker, and Pepin, E.P.S.L. 77,149-158,1986; (12) Weins, E.P.S.L. 91, 

55,1988; (13) Nagoa A Matsuda, 11th SympAntarc.Met, 131,1986; 
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Shukla, G.CA 50,1023,1986; (19) Begemann A Schultz, LPSC XIX, 
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Hampel, Waenke, Hofmeister, Spettel, A Herzog, G.CA 44,539, 
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QUANTIFYING SHAPES OF VOLCANOES ON VENUS: J. B. Garvin, 
NASA/Goddard, Code 921, Geodynamics, Greenbelt, MD 20771 USA 

A large population of discrete volcanic edifices on Venus has been 
identified and catalogued by means of Magellan SAR images, and an extensive 
database describing thousands of such features is in final preparation [1-4]. 
Those volcanoes categorized by Head and colleagues [4] as Intermediate to 
Large in scale, while relatively small in number (~400), nonetheless constitute 
a significant volumetric component (~ 13x10^ km^) of the total apparent 
crustal volume of Venus. For this reason, we have focused attention on the 
morphometry of a representative suite of the larger edifices on Venus, and in 
particular on ways of constraining the eruptive histories of these possibly 
geologically youthful landforms. Our approach has been to determine a series 
of reproducible morphometric parameters for as many of the discrete 
volcanoes on Venus that have an obvious expression within the global 
altimetry data acquired by Magellan. In addition, we have attempted to 
objectively and systematically define the mathematical essence of the shapes 
of these larger volcanoes using a polynomial cross-section approximation 
involving only parameters easily measured from digital topography, as well as 
with simple surface cylindrical harmonic expansions. The goal is to reduce 
the topological complexities of the larger edifices to a few simple parameters 
which can then be related to similar expressions for well-studied terrestrial 
and martian features.. 

Building on the results of a first-order morphometric comparison of 
Icelandic lava shields and selected venusian edifices [3], we have analyzed 
over 50 volcanoes on Venus, from which 7 have been chosen as representative 
end-member varieties: Tepev, Maat, Sapas, Sif, Gula, feature at 10.5N, 274E (V29 
Quad), and a volcano at 46S, 215E (V51 Quad). The Table below lists some of the 
first order morphometric characteristics of these features as derived from 
Magellan altimetry data, polynomial approximations, and cylindrical 
harmonics. For comparison, classic terrestrial basaltic shields are also listed. 


Vole. 

Name 

D(km) 

H(km) Vol. 

(km3) 

H/D 

shape 

n x 

V/D 

(km?) 

Flank 

Slope 

Peak 

Amp. 

Tepev 

196 

5.7 

100000 

0.030 

2.8 

508 

3.3 

800 

Sapas 

231 

2.3 

62000 

0.010 

3.6 

267 

1.1 

410 

V29 V 

270 

1.6 

44000 

0.006 

1.9 

161 

0.7 

1400 

Sif 

259 

2.0 

32000 

0.008 

0.9 

124 

0.9 

520 

Gula 

233 

2.5 

41000 

0.011 

1.2 

172 

1.2 

700 

V51 V 

186 

2.4 

30000 

0.013 

1.7 

161 

1.5 

1280 

Maat 

312 

7.5 

355000 

0.024 

3.2 

1136 

2.7 

740 

Skjald 

11 

0.6 

13 

0.060 

0.6 

1.2 

6.5 

81 

M.Loa 

51 

2.9 

1620 

0.060 

0.7 

32 

6.5 

210 


The last two entries, Skjald. and M Loa are representative of classical 
terrestrial shields at two different length scales; the M. Loa data describe only 
the subaerial component of the volcano. "Peak Amp." describes, in part, the 
shapes of all of the volcanoes in terms of the degree one amplitudes (in ’ 
meters) of the nine-term cylindrical harmonic spectrum (CHS) for each 
feature (i.e., a 9x5 model rendered as a plot of amplitude vs degree). 
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The classic Icelandic lava shield Skjaldbreidur diplays a degree 1 amplitude of 
only 81 m; all the other terms (degrees 2-9) have amplitudes less than or equal 
to 10. The spectra of Sif Mons displays an RMS variance of only 0.46 relative to 
that for Skjaldbreidur. Of the 50 volcanoes on Venus whose shapes we 
modelled using cylindrical harmonic expansions, only Sif and Gula displayed 
RMS variances (relative to that of Skjald.) less than 1.0. The best fitting power 
laws to the cylindrical harmonic spectra for the Venus and Earth volcanoes 
considered also illustrate the fundamental differences between most of the 
typical large-scale volcanoes on Venus and the lava shields of Earth. Again, 
only Sif and Gula Mons appear to display cylindrical harmonic spectra that 
resemble those of Earth shields. The Volumes listed in the Table were all 
computed from the CHS data and not directly from the Magellan GxDR 
altimetry. Variances in volume of up to 15% were observed when CHS results 
were compared with those measured from the altimetry directly. However, we 
believe the CHS-based Volume estimates are more reliable and objective, and 
they potentially permit analytical computation of volcano volumes 
independent of the initial data. 

Our investigation of the shapes of volcanoes on Venus has illustrated 
several points. While there is little question that small shield-field volcanoes 
resemble monogenetic terrestrial basaltic volcanoes (and most especially lava 
shields [1,4, 6 , 7]), the edifices larger than about 60 km that have been described 
in the literature as "shields" [1] do not in general display shapes that are . 
shield-like in a morphometric sense [7]. Indeed, our volcano scaling studies 
have shown that while larger volcanoes on Mars do resemble scaled-up 
terrestrial basaltic shields (i.e., with basal diameters in the 500-800 km range ), 
the larger so-called "shields" of Venus are noticeably more dome-like in cross- 
section (see n x column in Table; values above ~ 1.5 tend to be more convex), 
and less voluminous. Terrestrial shields have edifice volumes which scale 
with basal diameter to the power of 2.9 to 3.2, while those on Venus scale at a 
power of 2.7. Only Maat and Tepev are close to the terrestrial shield volcano 
volume scaling trend. If volcanoes in the Solar System displaying terrestrial 
shield-like topography are effusive, basaltic varieties, then only a few of the 
larger venusian varieties that have been classified as such are likely to have 
been formed with eruptive histories and volume eruption rate patterns of 
landforms like Mauna Loa or Skjaldbreidur. The shape variability of the 
larger venusian edifices suggests a wide variation in the episodic eruption 
rate, and also points to a dominantly summit-area eruptive history. 

Reconciling the shield-like pattern of SAR backscatter features observed by 
Magellan at high resolution with the volcano topographic data, which does not 
indicate a shield-like morphometry, remains a problem we wish to address in 
our ongoing studies. {We acknowledge the support of the VDAP Program, RTOP 889-62- 
10-41, for this work; special thanks to S. Baloga for his support and to Jim Frawley}. 

REFERENCES: (1) Head J. W. et al. (1992) JGR 97, p. 13153-13197. (2) Head J. and L. 

Wilson (1992) JGR 97, p. 3877-3903. (3) Garvin J. and R. Williams (1993) in LPSCXXIV, p. 
523-524, LPI, Houston. (4) Crumpler L. et al. (1993) in LPSC XXIV, p. 361-362, LPI, 

Houston. (5) Pike R. and G. Clow (1981) USGS Open File Report 81-1039, 40 pp., Wash. DC. 
(6) Schaber G. (1991) Proc. LPSC XXI, p. 3-11, LPI, Houston. (7) Whitford-Stark, J. (1982) 
Earth Sci. Rev. 18, 109-168. 
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MESOSCALE ROUGHNESS OF VENUS: J. B. Garvin, NASA/Goddard, 
Geodynamics, Code 921, Greenbelt, MD 20771, and J. J. Frawley, Herring Bay 
Geophysics, Herring Bay, MD 20754 


The global distribution of multi-kilometer (-9 km) length scale "roughness" 
(hereafter mesoscale roughness or MR) on Venus can be estimated from the 
Magellan global altimetry dataset (GxDR), and then compared with MR data derived 
for Earth from 5' ETOP5 data and for Mars (from USGS Mars DTM dataset). The 
mesoscale roughness parameter (MR) represents the RMS variance in meters of the 
actual planetary surface topography relative to the best fitting tangent plane 
defined on the basis of a 3x3 pixel sliding window [ 1 ]. The best-fit plane was 
computed using a least-squares solution which minimizes AH, the sum of the squares 
of the differences between the 9 local elevation values (Hi) and the elevation of best- 
fit plane (axj + byi + c) at the same grid location:, 

- AH = Xj[Hi - (axj + byi +c)]2 for i = 1 ... 9. 

Using the best-fit plane and AH, we have computed the RMS "roughness" var(AR), 

given by: 

var(AR) = V{(1/9)*AH}, 

where this parameter is always minimized on the basis of its calculation using least 
squares. We have called this "ruggedness" parameter the Mesoscale Roughness (MR) 
because it is directly related to the high-frequency variance of topography after 
mesoscale slopes and tilts (i.e., for Venus, the baseline over which MR is computed 
{dx} is - 8.8 km; dx for Earth is ~ 9.3 km) are removed. As such, MR represents the 
degree to which a planetary surface is more rugged than approximately 10 km scale 

facets or tilts. It should not be confused with the radar "RMS Roughness" parameter 

computed at 0.1 to 10 m length scales on the basis of the Magellan radar altimeter 

echo [2]. We will use our MR parameter to investigate the global ruggedness 
properties of Venus as they relate to geological provinces, and in comparison with 
the spatial pattern of MR for Earth and Mars. 

Figure 1 illustrates the frequency distribution of the MR parameter for 
Venus, Earth, and Mars in a semi-log format. It is evident that there are broad 
similarities between the distributions for Venus and Earth, although the slopes of the 

frequency distributions are very different. The Venus MR distribution demonstrates 
a mode at ~5 m, unlike the monotonic Earth and Mars distributions. In addition, the 
Venus MR distribution crosses that of Earth first at 7 m, and then again at 40 m. The 

rapid, exponential decay of the Mars MR curve accentuates the extreme limitations of 

the dataset from which it was derived, reason more to return to Mars with a Mars 
Observer-class mission. From 7 to 40 m, the Venus distribution lies above that for 

Earth, and it represents some 23% of the surface area of the planet. Much of this 
intermediate level MR is represented by the flanks of the lattice-work of weakly 
connected uplands, especially those that interconnect Aphrodite and Beta-Atla- 
Themis. Perhaps the most intriguing aspect of the spatial pattern of MR on Venus 
relative to that of Earth is the paucity of extremely low (0 to 5 m) MR regions. On 
Earth, the continental cratons, the older patches of sediment-covered seafloor, and 
the continental shelves display MR values in the 1-5 m range; in contrast, Venus MR 
values are reduced by a factor of 4 in terms of occurrence at such low ruggedness 
levels. At least on Earth, the relative level of erosion and sediment cover exerts a 
strong control on the spatial pattern of MR; indeed, the most geologically active 
mountain belts and the mid-ocean ridge systems exhibit MR values in excess of 40 m. 
The limited spatial extent of low MR zones on Venus could provide evidence for the 
reduced role of erosion and basin-scale deposition. 
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Another possibility is that the dominance of vertical tectonism associated with a 
global network of tectonized zones produces huge aprons of mass-wasted debris along 
the flanks of such regions at the requisite multi-kilometer (i.e., 9-19 km) length 
scales. Such debris covered surfaces, while sloped in relation to the source regions of 
the debris, could display an excess of roughness (in the 7-40 m range) relative to any 
simple facet model which describes them at - 10 km spatial scales. 

These very preliminary findings for Venus indicate that a derived parameter 
such as mesoscale roughness (MR), even at spatial scales no smaller than 9 km, 
provides a potentially valuable new perspective on the intensity of global-scale 
surface processes [3,4]. Our analysis thus far of the MR pattern for Venus versus that 
for Earth reaffirms the dominance of degradational processes on Earth (erosion and 
sediment infill) and the lack of such effects at multi-kilometer length scales on 
Venus. {We gratefully acknowledge the support of VDAF, through RTOP no. 889-62-10-41). 
REFERENCES: (1) Harding D. J. et al. (1994) in press, in IEEE Trans . Geosci. Rem . Sens., 35 pp. 
{Satellite laser altimetry of terrestrial topography). (2) Ford P. and G. Pettengill (1992) JGR 97, 
p. 13103-13116. (3) Sharpton V. and J. Head (1986) JGR 91, p. 7545-7556. (4) Malin M. C. et al. 
(1993) in LPSC XXIV, p. 927-928, LPI, Houston. 

FIGURE 1: Frequency distribution of Mesoscale Roughness in meters 
(rms roughness in the plot) for Venus, Earth, and Mars. 


planetary roughness 








LPSCXXV 


409 


$36 -9/ ' ,BS 6 N94-35431 

VOLCANO^MORF’HOMETRY And VOLUME SCALING ON VENUS: J 18. Garvin' and 

r 2) s u ■ Grw ; 

su^ant^coml^nent oriheTotal crustaWoluiwoHheptenetoverttw^^0^5^^J^ r ®^^J 0 

i , Hawaii 

SSB=S?S«S:r 

sS5ErHfs3^ 

conservation of volcano morphometry as basa f flr inr of 5 to 15 less productive in 

dosetoapproximating the topology ofcanonical 

S*e\ S aX^ToS«S«efS^, be clawed as -terrestrial shield volcanoes-, in 
^ * ^h^ste^Se^XLssuch asMaunaLoa display Wegraied 

edifice volumes of approximately 10,000 km 3 (at a charactenstic length ~ 500 km * 

Mauna LoasMe volcano were to be "scaled" to permit comparison with its 200 to 500 km 

dimeter Venusian counterparts, then a total volumeot ^"eftect'we ha“ 

Lu^s M the range o, 1-5 million k m 3 ,a. Maa. Mans length scaiesL Maa. Ij^s £e» 

»*r 

S«rS^ 

while typical Earth shields display /rvalues in the 0.0105 to 0.0120 range. 
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VOLCANO MORPHOMETRY: Garvin J. B. and Williams R. S. Jr. 

,he T ^ ar » i * on M«». Olympus Mens, has a Ar-vallus near to 

0.0090, within 10% of those values derived for terrestrial shields. 

. u Using these scaling laws, and the population of major volcanoes on Venus as described 
by Head and colleagues [1, 3], the order of magnitude cumilative volume ol crustel” Ste 

UI^Si S ° n *y e !) us contribu, fd by discrete volcanoes is -13 million km 3 . This represents a 

t 9 he ord«r y n! 28-30 m over the past 0.5 Ga for Venus, which is probably on 

the order °f 30 to 50 times less than the crustal production from flood "basaltic" eruptions. The 

sh4e^ a InH nd t red ,arg ® r ' sc ? ,e ® difi c 0S on Venus, however, provide a useful perspective on the 
styles and rates of volcanism on the planet. For example, if Maat-style compositevolcanoes 

tTt end '. m . e r? ber Pattern for Venus, and if such edifices are the venusian 

equivalent of terrestrial basaltic shield volcanoes, then they would only require 0.13 to 1.3 Ma to 
construct, ignoring erosion. Even at the tow average volume eruption rates typical of terrestrial 

M« e fnr^I l mS erUPti0 . nS l- ®" 1 °: 100 ."? 3/ s). largest edifices on Venus would only require 1-10 
UjJ ®w cons,ruc t |or \ ™us, 11 ,s '^possible that the population of larger volcanoes 

on Venus by Head, Crumpler and others [4] is the manifestation of only the last 10 Ma 
of localized volcanic activity on Venus. If the 20 to 30 lava shields that formed within the 103,000 

^^V Ce, f nd ov ®!' ,he past 15 -°° 0 years is only 10% of the total volume of extruded 

«n^ncTnt/L a S °T he sam ® ,ime ! n,ervai I«J. then the total volume of those flood basalt 
eruptions on Venus that occurred simultaneously with the construction of the observed 

population of larger volcanoes could have exceeded 130 million km 3 , for a global layer thickness 
2ran ,ei H of a ™ ost ^°° m On only 1 o Ma). Given the abundant evidence for extensive plains 
volcanic deposrts on Venus, it is plausible that the crustal productivity over the past 100 Ma is 
enough to have overplated much of the rolling plains to a depth of several kilometers This 

to^^f l< mnrnhnrru^ri^ S Q\ L '!I' eS ,h ? d ? minanc ®, of basaltic volcanism on Venus, notwithstanding the 
!r°U^ h ° me ! riC f 1]^ nC , 6 large-scale terrestrial-style basaltic shields on the planet, with 
the possible except of Sif-like landforms. Perhaps relatively tow volume eruption rate basaltic 
eruptions are commonplace and essentially continuous in any time interval on Venus and there 

6XPlain ,he diSSimilarity ° f maj ° r Venusian edific ® s witb to 

vnlranr. Ji 1 nan°h mallZed ( to f^ 10 .® h 3 ? 3 * diameter D) volume productivity trend for 21 venusian 
volcanoes can be compared against that derived for the record of post-glacial lava shield 

votoanoes in Iceland; for Venus V - d 2-7, while for Earth V - D2-9 | t is clear that only the laraest 
° ,h . e ^ enus ®d |f| ces (such as Maat and Tepev) come close to following the terrestrialshield 9 
trend suggesting that most of the intermediate to large volcanic features on Venus are not 
instructed by means of sustained effusive activity, but instead involve sporadic high effusion 
rate episodes, perhaps including limited pyroclastic activity. Much of the anomalously high 
!^P ™j rate activity that may be required to form large-scale edifices on Venus must occur in a 
localized summit region, in order to explain the shape trend (domical) displayed for most venusian 

lhan , 50 , km !" diam f‘ er T ! w o' these .Legations whZespSto 

the geologic history of volcanism on Venus is that the pattern is distinctively Earth-like- that is the 

r ® ef ^Restructures are perhaps geologically anom^with Vlsp^t’ to 
average eruption style plains volcanism, and may require pyroclastic activity. In addition there 
is a reasonable possibility that the several hundred larger-scale edifices identified on Venus [4] 
r ®cent features, and that these landforms are a window on the geologically most 
accessible record of volcanism. (We gratefully acknowledge the support of the VDAP proaram 
under RTOP 889-62-10-41; special thanks to Steve Baloga at PG&G}. 9 

REFERENCES: 
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IDA: DISTRIBUTION AND ORIGIN OF SURFACE BLOCKS 

Paul Geissler, Jean-Marc Petit and Richard Greenberg, University of Arizona 

At least 20 blocks or boulders have been discovered on the surface of Ida in the Galileo high 
resolution mosaic returned to Earth in September 1993. The block distribution fits a dynamical model in 
which the blocks are ejecta fragments that entered partial or temporary orbit about Ida before being swept 
up preferentially onto the leading surfaces. Thus the blocks may represent the first observational evidence 
of small “moons” of a main-belt asteroid. 

Features interpreted as blocks are small, isolated objects with positive relief comparable to their 
horizontal scale, shown by shadows and illumination. Positive relief features found alongside craters are 
more likely to be rims and are not included in our mapping. A number of blocks can be unambiguously 
identified in the stereo pair formed by images 2339 and 2439, but because stereo coverage does not exist 
over most of Ida, the overall distribution was mapped using monoscopic coverage only. The spatial 
distribution of these 30 - 150 m diameter blocks is distinctly nonuniform (Fig. 1), with most of the blocks 
found on or near the “leading surfaces” of the asteroid (the two regions which sweep through space as Ida 
rotates or, more precisely, where the local rotational velocity vector is directed outwards from the surface). 
None are found on the trailing region despite the excellent illumination and viewing geometry of images of 
this region (2313,2326 and 2339). Although different sets of blocks have been identified by several mappers 
within the Galileo imaging team, depending upon subjective criteria, the spatial distributions have been 
similar. 

The largest cluster is found near the site of two laige (-10 km) craters on the leading surface. 
However, the blocks are not concentrated near the rims of these craters, and few blocks appear to be 
associated with the large craters near the middle of the mosaic. One or two trails leading to blocks have been 
tentatively identified; in each case, the implied direction of motion is away from the presumably high gravity 
potential at the ends of Ida. One small group of blocks visible in stereo images 2339 and 2439 may be the 
result of disruption of a single parent block. 

The blocks were probably never small heliocentric asteroids, which would impact more uniformly 
over the surface, and most of which would be disrupted on impact at over 3 km/s [ 1 ]. Blocks of the observed 
size might have been ejected by 1-10 km craters [2,3], but emplacement of blocks near their source craters 
would not explain their distinctive spatial distribution. Instead, we suggest that the large blocks were ejected 
at speeds near the escape velocity and went into temporary orbit about Ida, while smaller ejecta fragments 
were launched at higher velocities and escaped. 

We have modeled the orbits of ejecta around a body with elongation similar to Ida’s. The body 
consists of two contacting spheres of variable size and uniform density, connected by a massless cylinder. 
Tests with more realistic density distributions showed little difference from this model. In each numerical 
experiment, 10,000 particles are launched from random locations and tracked until they reimpact the 
surface. The launch direction for each particle can be randomly chosen, or assigned a fixed inclination. In a 
typical case, the two spheres in the model asteroid are each of radius 15 km and density 4 g cm' 3 (so average 
overall density is 2.4 g cm' 3 ), rotating with period of 4.7 hr. All particles are launched at 32 m/s (near the 
average escape speed), inclined 45° to the surface, the predominant inclination for ejecta according to 
Melosh [4]. The material goes into temporary orbit around the asteroid for durations that are long in 
comparison to the rotational period. The fate of these small “moons” is strongly influenced by the irregular 
shape and rapid rotation of the asteroid. 

Fig. 2 shows one side of the model asteroid, with the rotation axis in the plane of the paper and the 
leading surface on the right. The opposite side is similar by the symmetry of the model. Points show the 
impact sites of the 4% of particles that have returned to the surface after 10 revolutions of the model asteroid. 
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IDA BLOCK DISTRIBUTION AND ORIGIN: Geissler, RE., J.M. Petit and R.J. Greenberg 

The strong preference for collection on the leading edge is clearly shown. Similar results are found in all 
cases, except when the launch speed is so low that re-impact is immediate and local. 


Blocks on Ida may be eventually destroyed by impacts of m-sized projectiles. Extrapolating the size 
distribution for small asteroids suggested by the Gaspra cratering record [5] down to 1 m suggests that the 
blocks survive on Ida for 30-80 million yr. Impacts by 50-350 m objects create the 1-10 km craters [6, 7] 
with blocky ejecta every 1-100 million yr. Thus block production probably keeps pace with block 

destruction. 


References: [11 Bouke e. al„ Icarus, in press. 1994. [211 Moore, NASA SP-315 .972^311* « a, 
1986. [ 4 ] Melosh, “Impact Cratering”, Oxford, 1989. [5] Belton etal.. Science 257,1647,199 .[] 
1992. [7] Greenberg et al„ Icarus, in press, 1994. 



Figure 1: Locations of boulders and approximate boundaries of leading and trailing surfaces. 
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[-TEMPERATURE VAPORIZATION OF GYPSUM AND ANHYDRITE 
3. M.V. Gerasimov 1 , Yu.P. Dikov 2 , O.I. Yakovlev 3 , and F. Wlotzka 4 . 


HIGH -1 

EXPERIMENTAL RESULTS. 

. --- » * “•* ■ , w.i. lanuviev , ana r. wiotzlca 

ussian Academy of Sciences, Moscow: 1-Space Research Inst., 2-Inst. of Ore Deposits, Petrography, 
Mineralogy and Geochemistry, 3-Vernadsky Inst, of Geochemistry and Analytical Chemktry, MosHol, 
Russia, and 4- Max-PIanck-Institut fur Chemie, Abteilung Kosmochemie, Mainz, F.R.Germany. 

The possibility that enormous quantities of S 0 2 and SO 3 evolved into the Earth’s atmosphere during the 
orma ion o icxu ub impact crater [ 1 ] encourages theoretical and experimental investigations of 
vaporization of sulphur-containing minerals [2,3]. Here we present preliminary results of experiments on 
high-temperature evaporation of gypsum CaS0 4 .2H 2 0, and anhydrite, CaSO.. Experiments were 
performed using a pulsed Nd-glass laser and with a procedure described in [ 4 , 5 ], High-temperature and 
dense initial state of an evaporated cloud with adiabatic expansion inside a cell could to a certain extent 
simulate he expansion of a vapor cloud during an impact process. The main mineral phases which were 
ound in the condensates of vapor from anhydrite and gypsum are CaO and CaS0 4 . No hydroxides were 
detected. The CaS0 4 /CaO ratio is significantly higher in the last layers of the condensate, deposited at a 
lower temperature, compared to the first, high temperature condensate. 

Samples were vaporized in a hermetic cell filled with air at 1 atm. About 10 mg of sample was vaporized 
rom a sample by the laser pulse. At a distance of 5 cm from the place of vaporization a Ni foil was mounted 
to collect products of condensation originating inside a cooling vapor cloud. Analyses of initial samples and 
of condensed films were performed using X-ray photoelectron spectroscopy (XPS). Condensed films were 
etched layer by layer (with a step of 400 A) by a beam of argon ions and for every layer XPS analysis was 
performed providing an information of the cross-section of the film. XPS analyses gave both elemental 
chemical composition of the condensate and the distribution of elements between different phases. 

The initial chemical composition of anhydrite was found to be: Ca- 16.8; S-17.9; O- 65 3 at %• and for 
gypsum 1 , was: Ca- 9.6; S- 9.9; O(-S)- 39.4; 0(-H)-13.7; H- 27.4 at.%. In gypsum t^o states of oxygen were 
distinguished, oxygen in sulphate: O(-S), and oxygen which is bound in water: O(-H). The concentration of 
hydrogen was calculated based on the value of O(-H). The relative atomic concentrations of elements in 
gypsum were: Ca : S : O(-S) : H : O(-H) = 1 : 1 : 4.1 : 2.9 : 1.4. The deficit of water compared with the 
gypsum formula indicates that the sample was a mixture of gypsum (72%) and anhydrite (28%). The 
analysis oi anhydrite gave a nearly stoichiometric ratio: Ca : S : O = 1 : 1.06 : 3.9. 

The composition of condensed films is presented in Table 1 for gypsum and in Table 2 for anhydrite We 
could distinguish during analyses: calcium in the form of pure oxide CaO (column 1 ), calcium bound with 
sulphur (column, 2 ), sulphur in the form of sulphite (S 4 + , column 3), sulphur in the form of sulphate (S 6 + 
co umn 4), sulphur adsorbed as SO 3 molecule (column 5), oxygen bound to calcium (column 6 ), oxygen 
o su p ur (co umn ). e amount of calcium bound to sulphur (column 2 ) is approximately the 
^T e . aS t ** amount of sulphate sulphur (S 6 , column 4) in the condensate. This observation shows that 
anhydrite is the main form of sulphur in condensates from anhydrite as well as gypsum. 

The presence of sulphur in the condensate shows that not all evaporated sulphur remains in the atmosphere 
n mC T.l *• “ . tr f pped dunn S condensation. A comparison of the chemical composition of the condensed 
film with the initial sample can give an evaluation of the amount of sulphur-containing gases which were 
evolved into an atmosphere. Taking into consideration that calcium is almost totally precipitated, the ratio of 
Ca : S m an initial sample and in its condensed film is informative about the amount of sulphur which is 
degassed into an atmosphere. Such a comparison for anhydrite shows that 17% of sulphur was degassed 
and for gypsum this value was larger, amounting to 55 %. 8 ’ 

About 20% of sulphur in both condensed films is present in the form of adsorbed SO.. Only about 2% of 
sulphur is present in condensates in reduced form (S 4 + ). Such a small quantity of reduced sulphur is in 
contradicfion to the proposed scheme of anhydrite decomposition [ 3 , 4 ] under the reaction: 2CaSO. = 2CaO 

+ & A Tv® de , COmpOSltl0n of anh y drite; CaS ° 4 = CaO + SO. seems more likely Another 
possibility is the oxidation of evolved SO 2 by atmospheric oxygen: SO^ + l/20~ = SO 

^ 2 3* 
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The absence of hydrated phases in the condensate of gypsum and a relative deficit of sulphur m the 
Hm of anhydrite ca! be a ,es»U of fonnaUon of sulphuric (H^OAA posable «r<«igf— 

decomposition can be presented by the f QBO^ b5t ^concentration cannot be 

which phase contains sulphur in reduced form (S ). Probably it 15 SjT? 64 CaO - 36 mol % 

evaluated If we ignore adsorbed SO., the composition of condensed films is. CaSO^ - 64, CaO 30 . / 

for anhydrite andCaSO, - 40, CaC? - 60 mol.% for gypsum. Surface layers of condensed films which ar 
formed maSniy by precipitation from a cooled vapor cloud after the end of the laser pulse have a ratio of 
CaSO /CaO notably higher than the inner parts of films which are precipitated at a o g 
vaporization. This observation indicates that the efficiency of trapping of evolved sulphur containing gases is 
strongly temperature dependant and is higher at decreasing temperatures. 


RFFFRFNCES- 111 Brett R (1992) LPSC XXIII, 157-158. [2] Chen G., Ahrens T J. (1993) LPSC AX7F, 
273 274 T31 Tyburczy JA Ahrens TJ. (1993) LPSC XXIV, 1449-1450. [4] Gerasimov M.V. et al. (1985) 

9,10-25 (in Russian). [51 Dike Yu.P.« * (1994) LPSCXXV, Uus volume. 


TABLES: Chemical composition (atom*) and chemical state of elements in different layers inside 
condensed films obtained in experiments with gypsum (Table 1) and anhydrite (Tab e ). 


Table 1: Gypsum condensate 



Elements 

| Ca 
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S 
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O 
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- 

Chemical 

state 

Ca- 

-(O-Ca) 

Ca- | 

-(o-s)| 

S 4+ 

s 6 + 

-(O-Ca) 

S 6+ | 

adsorbed | 

(O-Ca) (O-S) 

i 

i 

— 

Column No 

1 1 

2 I 

3 

4 

5 1 

6 

7 

i 


Surface 

400 A 

800 A 

| 3.0 
| 16.0 
| 28.5 

13.4 | 

7.8 | 

5.1 | 

0.8 

3.3 

2.2 

12.4 

7.2 

3.6 

1.8 | 

1.4 I 

0.7 | 

17.5 

24.6 
37.5 

51.0 

39.7 

22.4 

i 

i 

i 


Average 

| 15.8 

8.8 | 

2.1 

7.7 

1.3 | 

26.5 

37.7 

i 



|- 

1 

24.6 | 


11.1 

1 


64.2 
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Table 2: 

Anhydrite condensate 








Column No 

i i 

2 I 

3 

4 

5 I 

6 

7 
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Surface 

400 A 

800 A 
iooo A 

| 3.5 

j 6.0 
| 8.1 
j 12.7 

12.1 | 
11.4 | 

9.2 | 

6.0 j 

1.6 

3.5 

3.6 
2.9 

10.4 

9.6 

8.7 

6.3 

3.9 | 

2.9 j 

2.1 I 

1.7 I 

10.3 

11.3 

14.3 
20.2 

58.1 
55.4 
53.9 

50.2 

i 

i 

i 

i 


Average 

| 7.5 

9.7 | 

2.9 

8.7 

2.9 | 

14.0 

54.4 

i 
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|- 

1 

17.2 | 


14.5 

1 

68.4 
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TRAPPING CARBON DIOXIDE FROM A HOT ATMOSPHERE BY CONDENSING SILICATES 

M.V. Gerasimov 1 , Yu.P D.kov 2 , O.I. Yakovlev 3 , and F. Wlotzka* Russian Academy of Sciences- 1 Space 
Research Institute, 2 - Institute of Ore Deposits Geology, Petrography, Mineralogy and Geochemistry^ 3 - 

ChS S Ahf nS -| ,tUte |Z 0f Ge °? emiSt ^ 3nd Analytical Chemistry, Moscow, Russia; 4- Max-Planck-Institut fiir 
Chemie, Abteilung Kosmochemie, Mainz, Germany. 

Planetary atmospheres are thought to be the result of release of volatiles during the bombardment of a 

wa^an^r d / "“T* Pl an ?j esimaIs - According to some models, the accumulation of impact-released 
water vapor and/or carbon dioxide can result in a dense and hot primordial atmosphere [1,2,3], As a sink for 
atmospheric carbon dioxide only a post-impact formation of carbonates was considered [4] In our 
nSnm f 7 ™ * * Ration of carbonates is already possible during impact processes. In a 

h f e ^ r 7 en ? WC m ?? s ‘ lgated the tra PP in g of water vapor from an atmosphere by condensing 
simuLtb^the 0 "? 11 i S dU "? g h ‘ gh ' temperatUre puke heating of P^oxene in a wet atmosphere, thuf 
plTnetelima Afi? A 3 f? n f ° ? atm f OS P here ^ e J ected condensing matter during impact of a 
an am f ,6 ’ Aneffect *v e gapping of water vapor by condensed silicate matter was discovered, giving 
an amount of up to 10 wt% of trapped water. The activity of small condensing silicate parties in f 

V f P | )r j.° ud ,n . 3 c ?2 atmosphere can also result in the formation of carbon bearing phases 
m the condensate leading to trapping of atmospheric carbon dioxide during an impact. g P 

Here we present results of an experiment of interaction of a carbon dioxide atmosphere with condensing 
A originated during high-temperature vaporization of clinopyroxene (Na- 1.95, Mg- 7 . 13 8 

i,-’ S| /k°°’ Ca 6 f 5 ,’ Tl * °* 31, Fe ‘ 251 atom% )- As in our previous experiments [7,8,9], vaporization 

™ ” e , odymi f U ” las " P" lse foc " sei1 »" » in a hermetic cell with a 

volume of 500 cm Parameters of the pulse are: luminous energy -600 J, duration -10' 3 s density of 

uminosity ~ . 0 W/cm The estimated temperature of vaporization was 3000-4000 K. The cell was filled 

A nrioinaT h . Carbon dl °f de - A noticeable amount of condensed particles with dimensions from 50 to 1000 
o ginated in a spreading hot cloud [5] which could mix and interact with CO, inside the cell. A part of 

WaS co,lected on a N.-foil which was placed at a distance of 8 cm L the sample. Chemical 
analyses of the condensate were made using X-ray photoelectron spectroscopy (XPS) which provided both 

r C em,caI ^ omposltlon of the cond ensate and the distribution of elements between different 
phases. Condensed films were etched layer by layer (with a step of 200 A) by a beam of argon ions and for 
every ayer XPS analysis was performed providing an information of the cross-section of the film. 

XPS analyses reveal the presence of a noticeable quantity of carbon which is trapped in the condensate 
The mam carbon-containing phases which we could distinguish in the condensate are: carbonates, carbides' 
Ffeand m! and chemis ° rbed C °2- Carbonates are mainly formed with Ca and to lesser extent with 

bottom £££22“ “* a ? n ^ ^ concentration <* trapped carbon-containing phases in 

b r S 17 f 7 T , fl,m Was ~ L5 wt% of C °2 and ~ 0 - 5 wt% of carbon in amorphous and 
carbide phases, and in the upper layers it was -4 wt% and -2 wt%, respectively (Fig. 1). The bottom layers 

o the film represent the front part of the spreading vapor cloud which came to the Ni-foil and stuck to it 

7^ f0rme f. by the last P° rtions of evaporated matter and by sticking of condensed 
pa tides and radicals which were dispersed into the inner gas environment of the cell after the end of the 

laser pulse. In genera the last portions of condensed films are formed at lower temperatures than front and 

TnXmTL Th * I* f flCienCy ° f C °Z tra P ping is apparently higher during the last stages of 

,. , , \ The avera g e totaI concentration of elemental carbon in the condensate is about 1 wt% which 

is higher than m normal igneous rocks. 

atm Pyr ° Xene 7 as used in our previous experiments, where it was evaporated in an inert 

osphere of helium, and the condensed film was analysed in the same way by XPS [8], An important 
difference between the experiments in helium and in C0 2 atmosphere is the presence of reduced forms of 

thC eXpe " m f 11 b bert helium (~ 9% of silicon in the form °f Si° and Si 2+ , -15% and 

exnTriment ;n"rn e ‘l” 61311 ' 0 f £ rm ’ mtegrated throu 8 h the vol “ m « of the film) and their absence in the 
experiment in C0 2 . The same effect was observed after evaporation in a wet atmosphere [5], where water 

vapor provided for an effective oxidation of the condensate. The absence of reduced forms of elements in 
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the experiment in CO, atmosphere also shows the oxidizing role of C0 2 molecules in the vapor cloud. The 
ratio F? + /Fe 2+ for 2 the whole condensed film in the C0 2 experiment is -1.9, that is twice as high as 

the experiment in helium [8,10]* 

These experimental results prove the possibility of effective trapping of water vapor 
dioxide from an atmosphere by dispersed hot condensing silicate matter. The trapping g P 
tith the formation of stable volatile-bearing phases. The concentration of tra PPf^°2 ^ 

-4 wt.% of the condensate. The efficiency of the trapping process suggests that it could be a feasabe 

mechanism controlling the impact-induced formation of an atmosphere. 

REFERENCES- 111 T Matsui, Y. Abe (1986) Earth, Moon and Planets, 34, 223. [2] M A Lange, TJ. 
aSK 51,96. PI Ki Zahnle, J.F. Lling, J.B. Pollack (1*8) lean* 74, 62 [4] 

-r "v noon-i t nnar Planet Sd XXI 740 [51 M.V. Gerasimov, et al. (1993) Lunar Planet. Sci. XXIV, 527. 
0 M.Vat al. (1994) oUhlmiya, i. pre* (ia Ru^»). [7] V 

E N. Safonova (1989) Nature 340, 46. [8] Yu.P. Dikov TflSm Y koTv Yu P Dikov 
Gerasimov, et al. (1985) Vestnik Acad. Nauk USSR 9, 10 (m Russian). [10] O.I. Yak * 

M.V. Gerasimov (1992) Geokhimiya 12,1359 (in Russian). 

Fur 1 Concentration (in wt%) of trapped carbon in the form of carbonate (left axis) and of carbide and 
amorphous carbon (right axis) through the depth of the condensed film from its surface to the bottom. 
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tt^l VfV ^ v c y*' T V tyk Gerlach > Evergreen Senior High School, Vancouver, WA 

ResearclfcJass Sm H ?8 h Q Scho( J I ’ Tucson ’. AZ - Evergreen High School Astronomical 
™fnf C m • S ’ 5 A h Hl l h Sch ° o1 Astronomical Research Class,, Ad visors: G. Komatsu, J 

0 5 h 7 rr^l^ Z r o^ 85 , 72 ^’ J - b™*™ 006 < Sahuar ° High School, Tucson AZ 

85710), M. Ellison (Evergreen High School, Evergreen, WA 98682) 

Ip troductjon;T he high resolution and global coverage of the Magellan spacecraft now allow 

lS e fl StUdy „° f S , maU V °^ 1C edifices 0n Ae surface of Venus - A simplified classification 
f h c« f S ^ a volcanic edlfices Oess than 20 km in diameter) that was based on observations 

r/cf 56 k lg i nificant f S £ ield fie,ds done by AubeIe ^^ was used for this study by the astronomy 
research classes of Evergreen and Sahuaro High Schools. The four classes of small volcanic 
edifices located are shield-shaped (the most common type of small volcanic edifice on 
enus) , dome-shaped, cone-shaped; and flat-topped (which are distinctive and similar to 
some sea-floor volcanoes imaged by GLORIA )Ul Some of these edifices are very similar to 
arger and less common Venusian volcanic land forms, implying a continuum of similar volcanic 
processes, materials, eruption rates, or conditions operating at different scales. H] 

Volcanic features are not evenly distributed on the surface of Venus. Head theorizes that 
the paucity of volcanic features in the lowlands may be due to an altitude dependent inhibition 
vo atile exsolution and the resulting production of neutral buoyancy zones sufficient to form 
magma reservoirs and favoring flood lavas at lower elevations.! 2 ] 

Volcanic centers are rare within some geologic centers and occur heavily in others Within 
tesserae volcanic centers are virtually absent, with the exception of a few small volcanic edifices 
The reason may be due to evidence that tesserae is a thicker and older region of the crust that 

h^uf d m magma K aS , Cent - . Vo l can ! c < ? enters are aIso infrequent in areas characterized by ridge 
belts, mountain belts, and ndged plains. However, volcanic edifices are common within or 
rand coronae, novae, and arachnids. These features are also commonly associated with each 
other. 

moi^rTIl 1S | StUdy f W f conduc L ted 10 find a relationship between small volcanic edifice classes and 
S-rt features sucb ^ coronae, arachnids, novae, tesserae, and large and intermediate 
There M? 2 Se , ve [ a questions raised by Aubele about small volcanic edifices, however, 

V i tUd /r We T roTwi? 6 dea , ing W , lth tW0: W What ty P e of volcanic activity is represented 
by these edifices? (2) What is the volume contribution of these numerous, but small volcanic 

Sn C c e Jr C i ntS? P etaiIed ma PPing of the geologic relationships of these small volcanoes to the 
Pj“5f of larger volcanic features is essential to the exploration of these questions 
MfiflmdSiStudent researchers at Evergreen High School in Vancouver, Washington, and Sahuaro 

i* 8 f urnc P T UCS ? n ’ Ar ?T a ’ P eas “ red and located small volcanic edifices (1 to 20 km) in 
16 F-MIDRs taken from 5 Magellan CD-ROMs. Most of the F-MIDR's were located dong 
Venus s 0 longitudina line. The diameter of each edifice was determined by takinf 
measurements along the latitudinal and longitudinal axes and finding their average length. The 

rTnp 6 - and °" g,tude of the edlfi ce was then recorded and used to locate the edifice on the 
GTDR images for measurement of the edifice's elevation. 

The class of the edifice was determined by the above mentioned simplified classification 

scheme by J.C. AubeleL J. However, there are many subclasses of these types of volcanoes, and 

a supplementary catalog also made by Aubele! 1 ], was used for clarification. This list included 
the morphologies of the different subclasses. eu 

Results; Figure 1 clearly shows a deviance from a similar graph in Keddie and Head 1992 4 

7S dfo w• m °u St 7 idemin pelargePe^sat-50 to-25 deg. S latitude and 50to 
if a maj ? r hindra " c e in th e interpretation of this graph is the lack of data taken 
between 25 and 50 deg. N latitude. Other than this, the plot shows a sharp increase in the number 
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of edifices at -50 deg. S lat., then a drop of roughly 50% Ural declines again slightly, then 
exigences an increase in edifice occurrence of about 40% from 25 to 75 deg. N lat. 

Figure ?[4] in contrast shows a smooth expected curve, and while the obsei ved curve follows 
the expected curve irfrough shape, it tends to peak in areas where Fig. 1 drops, and drops m areas 

(inclusions * 1 The graph produced from the data collected by this year's Astronomical Research 
MSSWntat a possible relationship between latitude and small ethf.ce occurrence, 
class aoes inueeu m i b _<- 0 to .95 dec bin and the 50 to 75 degree bin. This may be 

^ e "on y cSr& S of ^ areas corresponding to the bins that show a higher 
concentration of edifices as well as associations with larger volcanic constructs . Whe 
comDared to concentrations of features that may influence volcanic activity (such as coronae, 
laree volcanoes novae, and craters) as well as evidences of widespread volcamsm (such as flow 
nattems) the areas of concentration of small volcanic edifices correspond very closely. In 
contrast these small edifices are relatively sparse in areas covered by tesserae. This lack of an 
association with a particular type of large scale construct presents possibilities for future 
investigation. The most intriguing aspect of this graph is the apparent contradiction of K eddie 
and Head 1992 with volcanic activity not being concentrated near the equatori J. This, too, 
warrmte further investigation. A high-resolution planetwide survey of small volcanic edifice 
distribution by latitude, in addition to the results of this investigation, would produce a resu 
with a higher degree of accuracy. 

» 1 aiqqi 1 PSC XXIV dd 47-48; 2-Head et. al. JGR vol. 97, no. E 8 , pp. 

v»uly 30,4-Kcddieand^d 

Colloquium on Venus, pp. 56-57; 5 -Crumpler and Aubele, 1992, LPSC XXI , pp. 


Fig. 1-Frequency of Edifices by Latitude 
Adjusted for Number of Samples per Bin 
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RrS? H ^ L 0 GIC fc L MAPPING 0F TW0 DISTINCT corona chains- 

«* Biological Science, 

Magen^ sWi™^r7n PrcSe " tadve “ naive feat ^ s at "* «Sr 

wilfbe used in niace of cnmn^dS P ‘n e ' H t rcm ’ the term l orc l ues ' meaning a chain or necklace, 
Tornuec and n£i iwf o ona ch£Un; , hen ^ e the two corona chains will be referred to as Parga 
,?Z “JJ ^ Torques, respectively. Parga Torques consists of an irregular series ofcoronae of 

ttStaXd \ZZ£°ZX 3 <!"? *"8 Ada Regio a, ihe cqi 

pL™ m d ' &tudes ‘ Although similar in length, Dali Toraues is markedly different from 

C 7 a T g a fraction of the coronae diat are present along Parga Howevertee 

^“ffi ta3taS3T 1 8CTin “ d indude “ Co ™ a ' ** Ia ^cororraon 

is deS^SfuTi ," 8 throu gd°nt Parga Torques is syn-tectonic with regaid to the coronae and often 
is deflected by the presence of individual coronae but may occasional be found to crosscut 

-fracturing radial to coronae is often deflected to trend paralldtoth? S 

SfaSto rone »0 to a^s n s S h" Torques to be approximately 50% across a 

across which^thrata^hern sn?fi HS vever ’ * e ftacturcs “« concentrated into linear rones 
.,, u* t. been 50 to 150% extension separated by zones of aDoroximatelv &nnn\ 

iTl 8-2 M? ^"17 U , nderg ] °" e li . mi , ted extension of about 20%. The width of thele zones 
a t ° ‘ This style of zonal bnttle deformation at the surface may be a result of Dinch and 

layer thlcfa^ssof ?8±08 km* CmSt - ’*'* f haracteristic width ^ ven abJve would correspond to a 

OW VISC0Slt r contrast W- ^ Ia y er ma y correspond 
thickn^s of V 7 ±?ol f H ^ ^ the uppermost la y ers of flood basalts, equivalent to a 

there are also zones 50? t0 - stret ^ hin g> or P erha PS a layer within the crust itself. Occasionally 
nf »i, A rvo . SO 20116 j up ,f° in width which appear to be free from any fractures at all Several 

Howev^^orn^ With dC f P trencheS 500!o 1 500m belowmeTnpl ^rJus 
■ Atu f~ * u g ? Torques is centred on a symmetrical topographic rise which extends 1 500 km in 

r d t“ level ofthe rc gtonal plains (500 m belowm^ plane^Su? to 500 mabove 

abSftShSu'J£?“ t ££*“! T J eraisRe S> onc sbothriLafurdier500to 1M0m 
.. , 6 leve ot this crest. Radiometry data indicates metre scale slopes of 3* to 5° greater than 

, “2 a « ra «' »f 2-5; but not comparable to the 10‘ to 30* slopSfound a?ApSre 
Ishtar Tetrae. However, both reflectivity and emissivity are average for the planet 
. Volcanicfeatures are present along Parga Torques but are generally small (typically shields 
less than 50 to in diameter) and occur almost exclusively in th! interim ofcotZae lie two 
^H^m an L eXCepI !i 0nS and Themis Regiones which are dominated by volcanic processes 

S 2 *!iSS° Ue °" vo * can * c f' ses generated by deep 
rwr?em?es of a « lbv ™S ^ U ' S , apl> ? !a1 ' 10 have J>e«> n » Ported in shape through dme as 

t SSSrf^ na ^“, thW f ° f P ^ 8a T ° rques » tectoracridges JESJSSS, 

undeZTpma^^ observa "ons provide evidence that the line of plumes 
crtm<-.xa,oF a j ga Torques are not stationary in relation to the crust, but are drifting in perhaps a 

There^s no^d^ atte v ° Ca !- y ’ but generaI 1 y in a northeastward direction, at an unknown rate 
There is no evidence on Venus for crustal plate movement as there is on Earth but this does no 

preclude mantle plume drift relative to the crust. Hot spots on Earth are Wn todriftin£i 
occurs onVenus Ven WhCn Pl&te m ° tl0n 1S accounted for - and « seems likely that a similar drift 

♦hr* g , h u St COI P na ® southwest of Parga Torques appear to have fully relaxed since thev lie at 
S of tJV egl ° naI P lai ? s ** « flowed by external lava flows Howler AetoSohic 
p ession of Aese coronae is apparent and it appears that the lava flows covering thernnuisfbe at 
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MAPPING OF TWO CORONA CHAINS: Ghail, R.C. 
built upover long pencils of time (hundreds of millions of years, based upon crater counts) from 

the small volcanic sources that seem to litter the Venusian strfare. Tr)noeraohicallv Dali 

At first sight Dali Torques appears to be a scaled up version of Parga. lopograpmcany, lmu 
T orques is centred on a symmetrical rise 2 to 2-5 km high, but contains trenches 4 to 5 kmd p 

and Includes Diana Chasma, the lowest point on Venus. Ra <fc°m;SS 

clones of 10° to 20° much steeper than the planetary mean, but reflectivity and emissivity are 

average. The S ifte corotfae and regional fracturing is also greater vnth two 

fracture zones 200 to 500 km in width, across which extension is estimated to be 100 to 200 /c, 

separated by a zone up to 2 000 km wide across which extension appears to be tessthan 50%. 

S£e iwo fracture zones initially separate 1 000 km east of Latona Corona, the northern zone 
Stag EpSS tato the annulus of Latona Corona and then continuing westward^ where it 
again splitsm two One half continues westward and merges into the tessera of southern Thetis 
K while the other transects the centre of Artemis Corona, forming a complex north-south 
trench which both cuts and is cut by the southern section of the annulus but then continues a 

further 650 km southwesfwatd tato Atao Planitia Tire southern ^ 

older than its northern counterpart since it is cut by both Latona and Artemis Coronae. it toiiows 
StahweTt «nd asf™ as the eastern annulus of Artemis, from where it cuts due westwtad across 
tae centre oHlre corona, partially diverting the north-south trench where the two cross. It extends 
as far as 90" E into Juno Planitia, its eastern-most portion containing several 
200 km in diameter. Further fracture belts extend from ^northern tumuta£Vtas™oron?e 
trending northeastward and merging into the tessera of Ovda Regio. Of the two large coronae, 
LatmwaDDe^tobetheyoungCT a£l more tectonically active. Artemis appears ro have undetgone 
several phases of activity*linked with the growth and development of die major fracture zones, and 
m^r SfnLfteactive at present. It appears that the fracture zones become Passively 
younger northward which may reflect a drift in underlying mande ovulation sumUr to_dtat 
nhcewed at Parga However, the age relationship between the fracture zones of Dali 1 orques ana 
the much more intense folding and fracturing of the tesserae 

unclear It is widely believed that tesserae represent the oldest fraction of ^y^t presenton venu 
and are 500 Ma or greater in age, compared with the 300 Ma age estimate of die Dali fracture^ 
The^Tesfrmates are^ased on the limited data available from crater counts on Venus and are open to 

some considerable doubt particularly in the heavily deform* dfritare 

naraltel fracture trends support a contemporaneous age for the formation ot tesserae ana iracxurc 
A coTt^^usfomtation age of the two features would, in part, allevtate the problem 

nf accommodating the crustal extension across Dali Torques. ... j 

ItTtoforeapparent that the tectonic evolution of Dali Torques is both more complex and 
less oreaSMSSParga Torques. The reasons for this are as yet unclear but may be due to 
a regional mantle heterogeneity in, for example, temperature or volatile content, or to variations in 
crustal thickness Certainly the possibility that subduction is or has been occurring at the an ^ 1 ^ 
toth Attend LJSc[2] must have a significant effect on the lithosphere and regional 

tectonism. 

REFERENCES: [1] Price, N.J. and Cosgrove, J.W. (1990) Analysis Of 
Structures, Cambridge Univ. Press. [2] Sandwell, D.T. and Schubert, G.(1992) JGR 97, 



LPSCXXV 


421 


VENUSIAN STYLE; R.C.Ghail and L.Wilson, Environmental 
cience Division, Institute of Environmental and Biological Sciences, Lancaster University, 
Lancaster, LA 1 4YQ, United Kingdom. 

The topographic form and length of Parga and Dali Torquest, and the fact that they lie on a great 
circles, has in the past led to the suggestion that these and similar features were spreading ridges. 
The higher resolution of the Magellan data has led to the rejection of this hypothesis on the basis 
tnat no significant honzontal motion is evident and that features such as transfoim faults that are 
typicid of mid-oceanic ridges on Earth are not present on Venus. However, it is entirely possible, 
indeed probable, that the surface expression of a spreading ridge system would be different on 
venus. lhe most popular hypothesis for corona formation and evolution postulates the impingeing 
ot a rising upper mantle diapir on the crust or lithosphere [1] but this model fails to explain the 
frequent occurrence of coronae in chains along tectonic rift zones. In addition, the proposed 
evolutionary sequence fails to account for the formation of arachnoidal structures and the 
observation that many coronae have either incomplete annuli or annuli that have been deformed by 

^ m -° re £! onal fr actunn g- This in part appears to have arisen as a result of the fact 

that the classification scheme of Stofan et al. [2] does not include arachnoids, and attempts to 
exclude coronae from the exterior environment (which clearly has a major impact on the 
morphology of coronae). Upper mantle upwelling and diapirism is thought to occur beneath 
tonques Spreaduig ndges and we P ro P ose that a similar process may occur on Venus beneath 

Without subduction to provide a large horizontal stress, there would be no significant plate 
f* “““d on Earth but even so mantle circulation patterns on Venus may be similar to 
s [3J. lnus, upper mantle plumes may align themselves along great circles as is the case 
under terrestrial spreading ridges, resulting in the chains of coronae that are observed. Deeper 
mantle plumes (i.e., those generated at the core-mantle boundary) would generally be unrelated to 
these upper mantle plumes and would give rise to regional tectonic rises such as Western Eistla 
£ eg !°v' H °wever where deep mantle and upper mantle plumes interact (such as at Iceland on 
Earth), particularly pronounced activity may result. This may be the case at Atla Regio, which 
appears to be at the junction of several corona chains. Rabinowicz et al. [4] have modelled the three 
dimensrontd convection pattern beneath terrestrial spreading ridges using five distinct geophysical 
models of the upper mantle structure. For each case they have initially modelled the circulation 
pattern beneath a motionless upper plate, the results of which are in good agreement with the 
structures found on Venus and suggest an alternative evolutionary sequence, which we present 
below, to the diapinc model of Janes etal..[ 1 ]. 

Prior to the formation of the corona chain, the mantle is initially cool but is slowly heated from 
within by the decay of radioactive nuclei. Mantle circulation is initiated in a 65 km thick layer Ml 
immediately below the lithosphere by the formation of concentrated downwelling cold plumes 
surrounded by upwelling diffuse sheets of warm material. This circulation imposes stresses on the 
lithospheric plate which result in the formation of arachnoids above the downwelling plumes and 
extensive linear fracturing and graben formation above the diffuse upwelling sheets. Typical 
parameters [4] are a whole layer viscosity of 3 x 10 19 Pa s and a Rayleigh number equal to 50 000 
corresponding to an average arachnoid size of 90 km and a typical spacing (centre to centre) of 140 
km, in close agreement with the observed size and spacing of arachnoids on Venus [51. 

^ s P a “em of circulation continues until the mantle layer has warmed sufficiently to undergo 
partial melting by adiabatic decompression in the uppermost thiid of the layer. This lowers the 
effective viscosity of the upper layer to approximately 1 x 10i« Pa s [4], The lower viscosity upper 
layer reverses the circulation pattern so that upwelling occurs in large plumes and downwelling 


t Herein the term Torques, meaning a chain or necklace, will be used in place of corona chain; hence Parga Chasma 
will be referred to as Parga Torques and the Atla-Latona-Artemis corona chain will be referred to as Dali Torques 
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PLATE TECTONICS, VENUSIAN STYLE: Ghail, R. C. and Wilson, L. 

material is concentrated into narrow sheets at the margins of the upwelling plumes_TWs circulation 
pattern results in the formation of coronae: the downwelling sheets correspond to the intensely 
deformed annuh of coronae which themselves are centred on upwelling plumes.These plumes 
supply large volumes of melt to the interiors of the coronae resulting in the flood volcamsm which 
produces die interior plains and volcanic constructs. The average diameter of coronae produced by 
this model is 230 km, with an annulus 25 km wide. This is a little less than the average observed^ 
diameter of 250 to 300 km [2]. The spacing (centre to centre) of the coronae is typically 370 km (at 
Parga Torques) but each corona is connected to its neighbours by several narrow linear down- 
welling zones. Small downweUing plumes, usually about 30 km in diameter, are periodically 
generated within the coronae themselves and may result in localised radial fracturing m die interior. 
The limited crustal spreading that appears to be taking place at Parga Torques is apparendy 
accommodated principally in the compressive fractures at the annuli of the coronae. 

This is contrasted to Dali Torques, which is composed of exceptionally lygetfaiLsteates 
large amount of crustal extension. The region between Artemis Corona 

the interaction between the relatively young fracturing of northern Artemis Corona (estimated to be 
less than 300 Ma old) and the older tessera of southern Ovda Regio. This tessera is esUmated to be 
more than 500 Ma in age and is believed to be the result of compressive folding and fracturing 
SSd SX. mamle'downwelling. The age determinations are derived from crater com ns and are 
open to some doubt, given the unreliability of crater counts in general on Venus and in particular 
on the complex terrain within tesserae. It is therefore possible that both Artemis Corona .and Ov 
Tesserae are contemporaneous in age, with the compression m the tesserae accommodating the 
extension across northern Artemis. South of Artemis, however, there are no tesserae o 
accommodate the crustal extension within the corona. Here crustal extension 
accommodated entirely within the 100 to 150 km wide annulus of the corona which appears to 
have many features in common with terrestrial subduction zones and indicates that subducti , 

or has been, occurring there. ... thpv mav 

It appears that while plate tectonic processes do not operate at a global scale on Venus, they y 
operateon a regional and local scale. Coronae appear to be linked closely to plate tectonic 
processes, and in fact Artemis Corona may be regarded as a micro-plate in itself. Tlius Venus may 
represent an important link between Earth at the one extreme, where tectonic activity « dominated 
by plate motionTand the smaller, one plate terrestrial planets such as Mars, dominated by hot spot 

volcanic processes. 

REFERENCES: [1] Janes, D.M., Squyres, S.W., Bindschadler, D.L. Baer G., Schubert, 

G„ Sharpton, V.L. and Stofan, E.R. (1992) JGR 97 16055 [2] Stofan ^R Sharpton V_L„ 
Schubert, G., Baer, G., Bindschadler, D.L., Janes, D.M. and Squyres, S W. (1992) JGR 97 
13347 [3] Crumpler, L.S., Head, J.W. and Aubele, J.C. (1993) Relationship Of Major Volcanic 
Center Concentrations On Venus To Global Tectonic Patterns, Science (in press). [4] Rabinowicz, 
M Rouzo S S a empere, J.C., Rosemberg, C-( 1993 ) JGR 98 7851 [5 Head, J.W., Crumpler, 
L.S., Aubele, J.C., Guest, J.E. and Saunders, R.S. (1992) JGR 97, 13153 
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__ „ A REAPPRAI SAL ° f ME t AM° r PHISM IN THE VREDEFORT DOME SOUTH AFRICA A\n 
HS IMPLICATIONS FOR THE ORIGIN AND EVOLUTION OF THE DOME Roge, L Giko n f W Uwc 

mZaKrsrnd.Tom^rim'lT' 1 W r°' C P f oll ;“" n ’; ‘Department of Geology, University of the 
wrrfynvtttU ° ^ TS l 050 ’Johannesburg, South Africa; 2 E.G.R.U., University of the Witwatersrand P O 

Depanmm qfGe ° losy ’ ° !,ht Fr " F ° 


Evidence of mid-amphibolite facies metamorphism in the collar of the Vredefort Dome has been used 
by some workers to support an endogenic origin for the structure [1,2,3]. Preliminary results of a new 
and thfffh? f L dingS : nam , e | y that the metamorphism is restricted to the vicinity of the Dome 

to a hidden Xt<T°IWd r ° CkS horn { elses which form P art of a contact metamorphic aureole adjacent 
to a hidden pluton. Based on evidence of two syn-metamorphic deformation events, an anticlockwise P-T 

nTetamornhkrnT" 11111 ^ ° met ? mor P h i c assemblages by syn-doming structures, we propose that the 
the Dlime h rTv!n r ^ ed P of a regional dynamothermal event that culminated shortly before formation of 
SnnS Tn • ? the . preSence of rehct "shock" features and high-pressure polymorphs of quartz in the 

Dome an impact origin remmns the most plausible explanation for the formation of this structure 

Introduction: The Vredefort Dome is situated 100 km SSW of Johannesburg. It comprises a core of 
predominantly granitic Archean basement some 45 km wide which is surrounded by a collarofsteenlv 
dipping to overturned metasedimentary and metavolcanic rocks belonging to the Dominion Group toe 
Witwatersrand and Ventersdorp Supergroups and the Transvaal Sequence (Fig. 1). The metamorphicrocks 
w - ® discussion are from peptic umts m the Hospital Hill and Government Subgroups of the lower 
Wi^atersrand Supergroup m the NW sector of the Dome. They contain assemblage involving biotTte 
andaiusite, cordiente, garnet and/or staurolite which indicate peak metamorphic conditions of c. 600 °C 4 

W,J“ COnt ;t’ me ‘ amor P hlc g^de m the equivalent stratigraphic horizons in the remainder of the 
Witwatersrand Basin does not exceed upper greenschist facies [4], The local metamorphic "high" in the 
JJjS u f * e Dome > together with the paucity of evidence in outcrop for syn-metamorphic deformation 
adjacenfto a “‘•““"PUsm is a total coMac. pheaomtnon developed 

ci. De f®? n . ati . 0n f ? bri f s: A stud ’ yof 52 pelitic samples from the Hospital Hill and Government Subgroups 
showed that, despite the paucity of evidence in outcrop, the rocks contain two regionally-developed svn 
metamorphic foliations [9], The older foliation (SI) is defined by pervasive alignment o^f matruf biotite 
opaques and lensoid quartz grams, and some biotite and cordiente porphyroblasts/The S2 foliation displays 

bv n X™eThfofv ltenS11 k' \ d , CVelOP D ed b / cre “ u,ation °. f S1 “ d « defined by matrix biotite and opaquesand 
y P ? rphy ^°^ asts * p orphyroblast-matrix microstructural relations indicate that the bulk of 

porphyroblast growth, and the peak of metamorphism, occurred during the D2 foliation-forming event 

recomfrurtigif to?P T ?», 0 /ii he “ e * an ! or P hi ? m j neral assemblages and reaction textures has enabled 
k / th P '^ path by the rocks durm 8 metamorphism. The anticlockwise P-T path (Fig 

2'Jr ^ *?*"“* ° (1) pr0grade break down of cordierite to andalusite and (2) retrograde 
breakdown of andalusite + biotite to staurolite. v ' reirograae 

Timing of metamorphism: The metamorphic rocks are cut by post-metamorphic fracture cleavages often 

S3dkP y P seudo t tachylyte ’ that are related to the doming event [3]. These cleavages are associated 
two distinctive retrograde reactions. Samples containing an intense cleavage often display local 
etr^ression of andalusite, staurolite and biotite to coarse-grained aggregates of chlorite + muscovite 
testifying to rehydration of the peak assemblages while the rocks were still relatively hot In some samples’ 

| V ? Me ‘ S r bo r d “ i v by C<>rdierile wuch -Pl°“ the p P S 

assemblages (Fig. 3). The breakdown of staurohte + biotite to cordierite (reaction 3 Fig 2) should onlv 

o<xur m anhydrous, chlorite-free assemblages and requires a significant drop in Pfom thepeak 
metamorphic conditions. The development of cordierite associated with the pseudotachylyte-bearing cleavages 

S3 t (3) C T ?gC (aDd ’ theref0re > domin S) occurre d soon r toe aufinmenfof 

peak metamorpluc conditions, before the rocks had cooled significantly, and (b) the decompression 

DkcnS^ TT, mmg mUSt ha r VC beeD relative,y ra P id to Prevent significant cooling during exhumation 
"c 11 * 6 presen< : e °[ syn-metamorphic deformation fabrics in the metapelitic rocks of the lower 
to^^ te flf raild | S f UpergrOU '?u“ thC C ° Ilar ° f the Vre defort Dome indicates that the rocks formed part of a 
dynamothermal terrane. This is supported by the P-T path followed by these rocks, which indicates that 
heating was accompanied by burial of mid-crustal levels. Such a path is not characteristic of contact 
metamorphic aureoles, which usually show near-isobaric heating and cooling [10]. It may however be 
indicative of loadmg caused by the intrusion of voluminous high-level magmas [11], or of thickening of crust 
characters by a high basal heat flow [12], In either case, the metamofphism kregiond LeStThk 
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implies that the lower-grade, upper greenschist facies metamorphism observed in the Witwatersrand Basin 
may correspond to shallower crustal levels than those exposed in the Vredefort Dome. Evidence o upper 
amphibolite and granulite facies conditions in the core of the Dome [13,14] is consistent with such a mo 
and*suggests that the Dome may expose a near-complete crustal profile through the metamorphic terrane. 

It? difficult to reconcile the anticlockwise P-T path followed by the rocks with the endogemc 
cryptoexplosion or diapiric hypotheses proposed to explain the formation of the Dome [1,2,3], as theseshould 
lead to exhumation, not burial, of the rocks during heating. The post-peak timing of doming « “^ed by 
the retrogressive assemblages associated with the syn-doming cleavages. Other evidence for rapid exhumat o 
of rocks £ the Dome is found in the core [13,14], In conclusion, there does not appear to be a genetic hnk 
between the metamorphic and doming events, despite the partial overlap in their tuning. Given the eNadence 
of relict "shock" features and high-pressure polymorphs of quartz m the rocks superun positlon o a g 
bolide impact on a regional metamorphic terrane on the Kaapvaal Craton could reasonably account for the 
metamorphic and structural features of the Vredefort Dome._____^-, 

r—-1- — -1POTCHEFSTOOOM 
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Fig. 1: Simplified geological map of the Vredefort Dome. A-E are sampling traverses. 
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(1978). CMP, 65, 351-361. 















LPSCXXV 


425 


VF.NT?J R M T ^f RA vowamsm S F ALPHA AND TELLUS tesserae on 
Ptovidence M RI 0291 J ' W ' Head ’ De P artment of Geological Sciences, Brown University, 

nian J e m er ^. represent ®? m ® oIdest terrain on Venus, comprising 8.35% of the surface of the 

planet [1]. Previous studies [2,3] have shown that tesserae display the following characteristics- n 
tess erae are stratigraphically older ton smrounding plains; 2) & Lli JdeStioS stocnSs it 

< r? m ^ reSS10nal 111 nature; 3) ^ compiessional features are overprinted by graben and 
extensional faults; 4) tessera contain volcanic plains that are largely unmodified. Tessera may be 

SjJjS! by adownwelling mantle flow followed by long-term gravitational relaxation [4]. This study 
<S?o?!Ltor 0{:mtraBSSera V0lcanism «*“” A 'P ha “ d TeUus ^0"“ in 

AJph a Regip . Intratessera plains (ITP) cover 8% of the surface area of Alpha; individual patches 

S1Ze from 7 P?,- 35 ’9 ( ¥ ) 1 ? n2, Most n’P ^ elongate to circular in shape and are confined by 
S? S m aV | ra ^ e J? f 1 Lavas 3150 passively embay the troughs of the tessera fabric itself- * 

^nr U mn^Sr5 0WS f 0fte i n co . alesc ?’ forming irregularly-shaped plains. The ITP in Alpha contain 
o e or more episodes of volcamsm. In several ITP, the oldest flows are modified by extensional 

SSUSlS 0ntmi !i 0, i S fron ] ^ *fssera fabric into the plains. Younger units are radar-dark and less 
deformed or undeformed. Volcanic edifices are discemable in most of the ITP, average 3 km in 

dK yonnges ‘ flow ”**■ Somenows can *“ feures 

, . ^ intratessera plains in Alpha are larger in size and number in the northern and eastern sections 
nf Alnhl 3 ^’ the aK& with the lowest elevations of this tessera (6051 - 6052.5 km). The western part 
rhAnii-^A^h 5 Xffy small and moderately tectonized ITP, and may have a history distinctive from 
ShirS ? A - Ph f PI' P tra ? ssera volcanism is rare to absent in the southwest section of Alpha, 
which is dominated by broad zones of shear [3] and has the highest elevations of the plateau 

^aJ t IVS ■ Q ' , Intratessera volcanics cover 22% of the surface of Tellus. Most of the volcanics 

mSSffKi£?? e ’ largC flooded . fea covering 6.3 x 10 3 km^ of northern Tellus. Contributing 
as to this flooded area are a steep-sided dome and an irregularly-shaped volcano « 50 x 100 km in 

ameter, these types of edifices do not occur in Alpha Confined ITP range from 400 -17 000 km^ 

tZLfSItaS?’ 86 ° f °' 51011 below . the sul Tounding scarps. These plains are frequently linked 

mt< Ui£? er systems consisting of 2-5 individual ITP. The confined ITP have shapes similar to 

to^ f ^<^t P nf 0WeVe 1 3116 Shap ^ S? ve 7 re ^ Iar ellipses * 100 km in (WtS^Their 

borders consistof several concentric ndges that cross-cut the tessera fabric, suggesting a tectonic 

rnZfS! ?hto TK 0lud0n i ' n,eITPi/l T^shave an order of magninto edilces““^a of 
™ m . A1 P 1 f -These volcanoes average 5 km m diameter and have contributed to flow units that 
bre ^ h ■“* bounding scarps. These lavas flood the lowest elevations of Tellus 

and may flow beyond the border of the tessera plateau itself. Some ITP display multiple episodes of 
volcamsm. The oldest ITP lavas of Tellus are modified by extensional feSes* the SSotCSte 
deformed than the oldest lavas in Alpha. Unlike Alpha, individual volcanoes 
Xate^pTafoT^ ^ 81311611 ^ wWl Pk CrateiS and smaU shie,ds ?occui independently of 

H»S S^n- Pna fyi Mp<1(>l<? - We consider a model where tessera are formed by convergence due to mantle 
downwelkng [4] generating the early compressional features of the tesseri. MagiSicould 

jS2SS2^h? ir “1^° way ^ : ^ a crustaI root could be thermally denser thantire warm 
asthenosphere beneath it, or undergo a basalt-eclogite phase transition, and therefore become 

unstable [6]. If the instability grows and detaches, warm asthenosphere will rise to 
crust. 2^2 Seneratmg basaltic melts by adiabatic decompression and melting of the lower 
„ . crustal root may sunply undeigo melting when it thermally crosses its solidus. If the 

Mtafor basaltic vS^flS" 01 

beSedby toftSS”by'titis *^?'^ StteMdedd ° me wi,htaTeUus 
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recimes resulting in the concentration of volcamsm m topographic lows. The p ateau con ^ ues t ° 

hv in-avi rational relaxation allowing continued volcamsm and extensional deformation. If dikes 
S, .SSfSd XSSSw source regions, more will reach the surface in areas of thin crust 
thatfin UtfckCTust [8], coSent with the predominance of ITPs and volcamc constructs in areas of 

towe K “S^.^^R'Sion. The areal exren, of intraressera volcanism is used to 
esd mRelS of Ke mSmaSrvo hCTable 1). We assume that ITP magma is a basalt erupting 
dtaSah a basaltic crust. lie average thickness of the lava deposits is estimated to t*300m based on 
SetahtSiedSmcnn^s Thf inbusion to extrusion ratio depends on crustd ttackness, magma 
ccmlposition, rate of magma generation, and depth of any neutml f ° F 

tPTTp<;trial oceanic and continental crust have been estimated to be 5.1 and 10.respec y L 

adopt an intermediate value of 7:1 for tessera crust Total^ 
Sed to estimate size of the region of melt generation (reservoir) based on 25% and 10% partial 
limiting The reservoir volume is presented as a sphere and as a layer, where the area of the layer is 

Sergone 10% partial melting will be far too small m distribute 
volcmS ovef ti^S surface area of either Alpha or Tellus. If the reservoir volume is divided so 
SfSSrff hi to£sseme has its own spherical source region, the reservoirs would have a radius of 
4km* these spheres are at least an order ofmagnitude smaller in scale than the majemty of volcanic 
features on Venus [10 11]. The areal extent of intratessera volcanism is more consistent witha tabular 
SSSr A EH Provides a good approximation of wide-spread melting of the lower crust beneath 
the tessera due to a delamination event or melting of a crustal root. Such reservoirs may be sites of 
maermnrir differentiation which could explain the correlation between steep-sided domes and tesserae 
onVenus [12] The tectonic deformation associated with some ITP in Tellus may indicate tbatthese 
futures tamed by negative diapirism rather than independent upwelhng of the mantle from deeper 

the possibility that some ITP are the surface manifestations of negative 

diapi ^mm ! ,rv and Conclusions. Alpha and Tellus Regio both contain intratessera plains that are 
large^tmSSSmStfeve been emplaced in relatively late stages of the history of tire plateau. 
The greater abundance of volcanism in Tellus as compared to Alpha may be explamed m terms of 
differences in crustal thickness, as Tellus has a lower average elevation than Alpha. 

Table 1: Calculated volume of source reservoir for intraiessera volcanism in Alpha and Tellus tessera. See text for 
details. 


Total Surface Area 

ITP Area 

Percent ITP 

Volume of Extrusives 

Total Magma Generated 

Reservoir Size 25% Melt 

10% Melt 

Sphere Radius 25% Melt 

10% Melt 

Layer Thickness 25% Melt 

10% Melt 


Alpha _ 

2.0 x 10^ km^ 
1.6 x 10^ km 7 
8 % 

4.8 x 10 4 km 3 

3.4 x 10 5 km 3 

1.4 x 10^ km 3 

3.4 x 10^ km 3 

69.4 km 
113.0 km 
0.72 km 

1.74 km_ 


Tellus 


4.4 x 10® km 7 

9.8 x 105 km 7 
22 % 

2.9 x 105 km 3 
2.0 x 10 6 km 3 
8.0 x 10 6 km 3 
2.0 x 10 7 km 3 
124.1 km 

168.4 km 
1.82 km 

4.55 km_ 


nFP’Fnr'NCFS- Til Ivanov M.A and Head, J. W. (1994) submitted to Icarus. [2] Ivanov, M. A., and Head, J. 

W (1992) LPSC XXIII 581. [3] Bindshadler, D. L. et al.. (1992) J. Geophys. Res., 97, 13563. [4] Gilmore, M. S 
li KYV a™ li e*. Vtns. (5) Bindshadler. D, L.« «/, l «, 

K^TlSlSw ceopkn. **97 13153 till - 

Head, J. W., (1993) Geophys. Res. Lett., 20, 1111. [12] Pavn, B., et al., (1992) J. Geophys. Res., , 
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TEKTI?E MP B S P TI G1 af ^ R0GR ^. PHV ? F A MD0NG NONG-TYPE GEORGIA 
Newark ' DE t S Y ° ep ? rtment ' University of Delaware, 

university of Vienna, H°f 

Osage Drive, Indian Harbour Beach, fl 32937. ' 

„ ae * <. Muo " g Nong-type (MN) tektite was recently found in 
ashington County, Georgia, just south of Riddleville This is 
the first MN tektite to be found in Georgia It is also the 

sr-wrsi-fi: as £ 

composition and petrography. * tne 

then fou? n i-2 Pi m™ S i-^ i v ghi 1 n ' g 5 * 2 9 Was cut off the specimen and 
cnen rour 1-2 mm thick slices were cut. One slice n,f 

Ilices SU sh amP i eS a ^ d given to members of the consortium. The 
slices show layering due to variations in color of the qlass 

f^ r ^ ng If les f F om indist inct and broadly curving to 9 sharn 
v2f, f ? ld ' ® s P ecimen exhibits extreme strain birefrinqen2e P 

Vesicies are generally common to abundant, but most are < 200 urn 

Se Ta™^ and are therefore not obvious to the unaided eye 
The largest vesicle observed is 740 am in diameter 
Lechatellerite is common and ranges from more or less eoSant to 
inc? ^ t0 several millimeters) filamentous, highly-contorted 
leci^ 1 ?? 3 ' •«. S ° me ° f the le chatelierite is bubbly, ^ut frSthv 
lechatellente was not observed. Numerous rounded Y white ODaoue 
inclusions, generally between 20 -fin ,,m ,•« a ' wnite opaque 

’ ‘, 1 7 ueuween ^u-t>o nm in size, were observed in 

each slice otherwise the specimen is free of crystallii2 

The end Piece was crushed, sieved into two fractions 

into^different ^ ^ 74-149 size faction was divided 

into different specific gravity fractions using heavv licruids in 

*>. recover mineral inclusions and glaLeJ of different 

• Nlne glass fragments, each containing one white 
opaque inclusion, were recovered. The inclusions were similar in 
appearance to those observed in the slices X-rav dff?n^ 

all* th n e S 'wh^ ained USln ? 3 Deb Ye-Scherrer camera, indicate that 
-J -1 th °P a< Iue inclusions are zircon, baddeleyite or 

mixtures of zircon and baddeleyite aeieyite, or 

fragm^s^; fr^YaK^ ££S 

va^VomT 7 r t 1 o Ve 88 T ra V nalySiS - • The 

vary trom 67 to 88%. The range in composition is greater t-h*n 

however th^oxide^J ana }Y 2ed North American tektites combined; 
nowever, the oxide vs. silica trends are well defined and for a 

2^?? Sl i? 2 ,f° ntent the weight percent of the other oxides are 
similar to those of previously analyzed North American tektites 

t-h<a mi ° me trace element data have been obtained for 

the Muong Nong-type Georgia tektite (MNGATek) using instrumpni-ai 
neutron-activation analysis (INAA) see r2l for S ? 

trf C e 1 ^r ent J 31 ? < ; 1S i 0n) <Table 1 1- Unfortunately, “ery little 
trace element data have been published for North American 
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4 . wn is au Br or Sb data are available for Georgia 

tektites! The Ga concentration of the MNGaTek is within the 
range previously reported for Georgia tektites. As would be 
expected the As, Br, and Sb concentrations are closer to those 
ofbediasites than to MN Australasian tektites (Table 1 ). 

spectrometer. The specimen appears to be homogeneous at a 2-3 mm 
resolution with a water content of 0.007 wt. *• 
content of Georgia tektites is not known, but 0.007 wt.* is 
slightly lower than published values for most bediasites [ ]• 

9 Muong Nong-type tektites are generally regarded as haying 
formed at lower temperatures than the splash form tektites [7]. 
Hnwvpr the lack of frothy lechatelierite and coesite and the 
?aTthat many of the zircons were converted either partly or 
completely to baddeleyite, and the higher water content compared 
Sith Muong Nong-type Australasian tektites indicate that this 
las subiected to higher temperature than previously 
described MN Australasian tektites with crystalline inclusions 
111 The discovery of this specimen in the most northeastern 
nart of the strewn field is consistent with previous suggestions 
that the source crater is probably on the Atlantic coastal pia n 
or continental margin off the northeastern United Sta voluiU) . 

References. [1] Povenmire H. et al. LES X£Y (this volume; 

[ 2 ] KoierTc ei ii. (»84) Pyw Lunar Planet, gl^-C a n t m 
isth C351 r31 Cuttitta F. et al. (1969) JGR, 12 , ; = i 

wtinkeH. H. and C. Koeberl (1985) Meteoritica, 2SL. 783 • {51 

Glass B. P. and C. Koeberl (1989) HstpritiGS, ,24, 143. [« 

Gilchrist J. et al. (1969) ^GE, 74, 1475. [7] Koeberl C. (1989) 

t- Gonf. Natural Glas ses, Charles Univ.; Prague, 
“■ r 81 Glass B. P. and R. A. Barlow (1979) Meteorit ics, ii, 

15(9) Koeberl 3 C. and B. P. Glass (1988) Earth Planet. SCl^ 
Lett .. 87, 286 

Table 1. Trace Element abundances (ppm) for Nong 

Georgia tektite (MNGaTek), selected North American tektites, 
five Muong Nong-type (MN) Australasian tektites. 


Georgia 
Tektites 
_[31_ 


Bediasites [4] 
BED8401 BED8402 


MN 

Australasian 

r 5i_ 


0.29 


5.7 - 10 


10.0 - 21.8 


0.02 


0.087 


0.05 0.05 


0.65 


1.10 


LPSCXXV 


429 


nisr v F tL HE P RE c T !5; AL STUDY 0F S °2 TRANSPORT BY EXPLOSIVE VOLCANISM 

* Lon S. Glaze, Jet Propulsion Laboratory, California Institute of Technology 4800 
Oak Grove Dr., Pasadena, CA 91109 


It has been proposed that explosive volcanism may occur on Venus, despite high 
atmospheric pressure and extreme surface temperatures, in an effort to explain the variability of 
SO ? concentrations observed at the Venus cloud tops (40 mbar or ~70 km above mean planetary 
ra ius [ampr]) [1,2]. In support of this suggestion, recent geochemical studies of weathering 
processes on the Venusian surface indicate that ~1 km 3 /yr of magma would have to be erupted 
m order to supply S0 2 at a sufficient rate to remain in equilibrium with surface scavenging [3] 
Even higher rates of volcanism are suggested by geophysical studies [4], This study shows that 
volcanoes can erupt explosively under conditions found on the surface of Venus but that the 
uoyant plumes generated by these eruptions are very sensitive to the ambient atmospheric 
stability. Earlier theoretical studies of explosive volcanism have presumed simplistic atmospheric 
temperature and pressure profiles, however, there are several indications that the Venusian 
atmosphere is more stable than previously assumed. Extremely stable atmospheres are shown 
to have the most potential for producing the highest plumes. It may also be possible that 
tropospheric circulation is partially responsible for the transport of volcanic material, in which 
case, explosive volcanic eruptions would not be required to generate extremely high plumes in 
order to explain high concentrations of volcanic S0 2 at the Venusian cloud tops. 

Ambient Sensitivities 

_ cimf ,, The l °K n Cal studiesof explosive volcanism on Venus conducted in recent years have used 
a simple, globally averaged temperature and pressure model derived from the four Pioneer Venus 
probes sent into die Venusian atmosphere [6]. These studies concluded that it is unlikely that 
explosive volcanism on Venus could produce anything more than very small buoyant plumes 
e dynamics of convective columns, however, are sensitive to atmospheric pressure and 
temperature profiles. Recent work [5,6] has shown that the final heights of volcanic plumes are 
very sensmve to the atmospheric lapse rate, and hence the degree of atmospheric stability. There 
are two problems with the simplistic atmospheric temperature model used in the past- there is 
significant uncertainty near the surface and latitudinal variations must be considered. 

Near Surface Profile. Very little is known about the temperature structure near the surface of 

T 6 °[ thc l om Pioneer Venus P robes reamed temperature measurements below 
u e fampr)- Due to this lack of data temperatures near the surface have been 

howlw! 3 ^ hlgh f al l! tUde data> Recent work b y D - Cris P 311(1 V. Meadows (pers. comm) 
however, has shown that the near-surface lapse rate may be steeper than previously assumed’ 

p!umes g m “ atmOSphere that is much more stable > thus increasing the rise potential of buoyam 

Latitudinal Variation: Existing data [7] show that there is a significant latitudinal variation in 
the temperature gradient between 40 and 60 km (ampr). Seif? [7] reported thaTaZoTeri^ 

mid P !nd ? ? T? 10 ? may dr ° P mUCh m ° re Sharply at hi * her latit ndes (above 60*) than at 

v T 8 atltu des. This steeper lapse rate is indicated by both the 59* N Pioneer 
Venus probe and the radio occultation data from the Pioneer Venus Orbiter. This again indicates 
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a more stable regime and, therefore, is very important for volcanic plume use and, hence, S0 2 
transport. As an example, volcanoes erupting explosively with identical initial conditions are 
most likely to produce the highest plumes in the regions above 60'. Furthermore, some of the 
highest volcanoes on Venus are located in the northern latitudes, adding additional nse potential 
through the initial height as well as the difference in initial ambient pressure (50 bars at 8-9 km 
ampr as opposed to 90 bars at 0 ampr), again adding to the nse potential of an explosive 
volcanic plume. A volcano in the Maxwell Montes region, therefore, has a strong potential for 
producing a comparatively high plume. The higher a plume is able to rise in the atmosphere, the 
easier it is to explain the accumulation of S0 2 at the top of the troposphere. 


Theoretical Calculations 

The theoretical model used in this study to describe the rise of buoyant plumes is based 
on the Glaze and Baloga [5] buoyant plume model that assumes a system of ordinary differential 
equations describing the conservation of volume, mass, momentum and thermal energy as rs 
describe by Morton et al. [8]. The ambient parameters have been modified for the conditions 
found on Venus and the plume composition has been assumed to be the same as the ambient 
atmosphere. For test purposes, I have assumed an initial plume radius of 300 m (which is within 
the reasonable range given current knowledge) and a vent height of 10 km (requiring the volcano 
to be located at one of the highest points on the planet’s surface). I have then varied the initial 
velocity independently between 300 and 900 m s 1 . The initial velocity is integrally tied to the 
gas mass fraction, but the velocity has been allowed to vary for illustrative purposes. The first 
initial velocity of 300 m s' 1 is a realistic value for the chosen gas mass fraction of 0.03 [9], The 
model plumes have then been released into several atmospheric regimes, including the simplistic, 
globally averaged atmosphere, a northern latitude profile [7] and a more stable near surface 
profile. The results for the globally averaged model indicate that even the physically implausible 
900 m s 1 initial velocity is incapable of maintaining a plume at 40 km altitude. This is nowhere 
near high enough for a direct injection of volcanic material into the cloud layer. The other 
atmospheric profiles show much more promise for direct injection. 

It may not be necessary, however, to directly inject volcanic material into the top of the 
cloud layer. It is possible that atmospheric circulation may be at least partially responsible for 
transporting the volcanic S0 2 . In this instance, explosive eruptions may only be required to 
generate plumes extending a few kilometers above the vent. Future research will include a study 
of the time and spatial scales for circulation in the Venus troposphere. 
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HOT BELTS OF VENUS AND THE EARLY EARTH M 7 r'l n, i w 

ta„,u,e of Lithosphere, Russian Academy of Sciences, 

stimnlatfH wonderful global datum set from Magellan mission submitted to 22 and 23 LPSC 
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THE LINEAR POLARIZATION OF LIGHT SCATTERED 
FROM ICY SATELLITE SURFACES: 

THE DIAGNOSTIC POTENTIAL OF GALILEO PPR MEASUREMENTS 

Jay D. Goguen, JPL/Caltech 

Goguen (1993, 1994) shows that for high albedo particulate surfaces, calculations combining 

mentf nf e ^ ng ^ doubllng method S ive excellent agreement with laboratory measure- 

, . e lmear P 0 arizatl0n of a carefully controlled sample of glass spheres. This 
approach is applied to investigate the expected linear polarization dependence on phase angle 

fpp R T^ r t 1Ce re f°rp S n V1Sit ! le wavelengths - The Galileo Photopolarimeter/Radiometer 
(PPR) instrument (Russell et al., 1992) can accurately measure +/-0.1% polarization in 3 

ortfeLTf ? 0.410 0.678, and 0.945pm. This study will examj the dependence 
of the linear polarization at these wavelengths, where water-ice is transparent (k < Le-6) on 
the mean particle size and width of the particle size distribution. The intended application is 
to anticipate which subset of the possible PPR icy satellite measurements will be most diag¬ 
nostic of the physical state of the icy satellite regoliths. The results are applicable to 
Europa s relatively pure water-ice surface and should give valuable clues to features that 
may also be present in polarization measurements of Ganymede and Callisto. 

fr!;„i (OP i P o 0 Q S if ,? ag6) sh ,° WS the a PP roximate , modelling multiple scattering as isotropic 
(Goguen, 1994), linear polarization as a function of phase angle for 3 size distributions^ 

— C S £ h f re f ; sma11 ; r ~0-0’7pm (top); medium, r~0.7pm (middle); and large, r-7 0pm 
i-nS' Ca i cula J ons f or the 3 wavelengths of the PPR instrument are shown? solid line 

X=0 - 678 ^ m; and dashed line - ^=0-945pm in each panel. In each 
^ 7 ;, he , Wldth of the ^g-normal size distribution is the same, crg=0.47 (Hansen and Travis, 
t ha 4 .: ich Responds to 5r/r~0.5. For small particles (top), the polarization approaches 
that due to rayleigh scattering with large positive polarizations near g=100 degrees. For the 

iTnn^^-orfH partlcles 1 (middle), the polarization is very different with neutral polariza- 
on near g-90 degrees. Large particles (bottom) rapidly develop the expected "rainbow" 
feature near g=40 degrees, show neutral polarization near g=90 degrees, and large, negative 
polarization g-150 degrees. Galileo PPR measurements in the phase angle ranges g 8 < 50 
degrees and 120 < g < 150 degrees would easily discriminate between these surface models. 

References 

Goguen, J.D. ( J993). A Test of the Applicability of Independent Scattering to High Albedo 
Planetary Regoliths. Lunar and Plan. Sci. Conf. XXTV, 541-542. * 

STTik 1 ? ^ 1994 ^ ^ Q uantitative Test of the ApplicabUity of Independent Scattering to 
High Albedo Planetary Regoliths. Icarus, submitted. 

/STi 6 5^-6 a i0 L TmViS (1974) ' Light Scattering in PIanetar y Atmospheres. Space Sci. 


Russell, E.E., F.G. Brown, R.A. Chandos, W.C/ Fincher, L.F. Kubel (1992). 
Photopolarimeter/Radiometer Experiment. Space. Sci. Rev. 60, 531-563. 


Galileo 













£jg 7_2 ?o N94- 35432 LPSCXXlV 435 

APPLICATION OF AN ALKYLAMMONIUM METHOD FOR CHARACTERIZATION OF 
PHYLLOSILICATES IN Cl CHONDRITES: D. C. Golden 1, D. W. Ming2, M. E. Zolensky2, and 
S. V. Yang-*; ‘Dual Inc., 2 NASA-JSC, 3 Lockheed ESC, Houston, TX 77058 

-INTRODUCTION. Many meteorites and interplanetary dust particles (IDPs) with 
primitive compositions contain significant amounts of phyllosilicates, which are generally 
interpreted as evidence of protoplanetary aqueous alteration at an early period in the solar 
system T1]. These meteorites are chondrites of the carbonaceous and ordinary varieties. 
Characterization of phyllosilicates in these materials is important because of the important 
physico-chemical information they hold, e.g., from well characterized phyllosilicates 
thermodynamic stability relations and hence the conditions of formation of phyllosilicates in the 
parent body of the meteorite can be predicted. Although we are at a rudimentary level of 
understanding of the minerals resulting from the aqueous alteration in the early solar nebula, we 
know that the most common phyllosilicates present in chondritic extraterrestrial materials are 
serpentines, smectites, chlorites and micas |2f. The characterization of fine grained minerals in 
meteorites and IDPs rely heavily on electron beam instruments, especially transmission electron 
microscopy (TEM). Typically, phyllosilicates are identified by a combination of high resolution 
imaging of basal spacings, electron diffraction analysis, and chemical analysis. Smectites can be 
difficult to differentiate from micas because the smectites loose their interlayer water and the 
interlayers collapse to the same basal spacing as mica in the high vacuum of the TEM. In high- 
resolution TEM (HRTEM) images, smectite basal spacings vary from 1 nm (fully collapsed) up 
to 1.5 nm, while micas show 1 or 2 nm basal spacings. Not only is it difficult to differentiate 
smectites from micas, but there is no way of identifying different classes of smectites (e.g., 
low-charged smectite, high-charged smectite, vermiculite, etc.) in meteorites and IDPs. To 
differentiate smectites from micas and also to recognize the charge differences among smectites, 
an alkylammonium method can be employed because the basal spacings of alkylammonium 
saturated smectites expand as a function of alkylamine chain length and the layer-charge density 
of the 2:1 expanding phyllosilicate, and the final product is significantly more stable under 
electron beam examination. Such a method was tested on standard clays and several meteorite 
samples using four alkylammonium salts, (Nc = 9, 12, 14 and 18) (3J. This test clearly 
established the usefulness of alkylammonium technique in stabilizing the phyllosilicates under 
the electron beam and in expanding the layers to illustrate layer charge. However the 
alkylammonium saturation was carried out by equilibrating the sample thin sections with 
alkylammonium solutions for only 5 to 10 min. in the previous study. This equilibration time 
appeared to be too short to cause complete expansion. The current study was carried out to 
achieve complete saturation of the phyllosilicates by alkylammonium ions. A longer equilibration 
time of up to 4 hr was employed on thin sections of three meteorites and two standard clays. 
Alkylammonium solutions of a full range of Nc values from 6 to 18 were used to achieve 
complete expansion of the layers and hence permit complete characterization of the smectites 
with respect to layer clarge density. The procedure presented discriminates the smectites from 
other minerals and allows the estimation of the smectite layer charge. The method therefore is 
suitable for studying the charge bearing phyllosilicates in meteorites and should be applicable to 
IDPs which cannot be examined by traditional mineralogical methods due to their sample size 
limitations (< 100 um). 

MATERIALS AND METHODS. Three Cl chondrites (Alais, Ivuna, and Cl clasts from 
Kaidun) and two standard clays (saponite from Ballarat, California and nontronite from 
Garfield, Washington) were embedded in Embed 812 epoxy and cut into 50-70 nm thin sections. 
The sections were placed on a C-coated holey plastic substrate mounted on Cu grids. Grid- 
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containing sections were dried and then transferred into an alkylammonium solution of 
predetermined concentration in a one-ml Eppendorf tube placed in an incubator set at 65 C 
Samples were gently shaken for 30 sec at hourly intervals for 4 hr. At the end of 4-hr period 
the Eppendorf tube and the contents were quickly transferred into a beaker containing warm 
(65 °C) deionized water. The grid was picked up with tweezers and then repeatedly washed in 

warm deionized water three additional times and dried. . 

RESULTS AND DISCUSSION. HRTEM images were used to measure the layer spacings 
of the alkylammonium-treated standard phyllosilicates and meteorite samples. The phyllosilicate 
standards expanded to characteristic d-spacings depending upon the chain length of the 
alkylammonium ion and the interlayer charge density of the individual standard. For example, 
the saponite saturated with Nc - 8 alkylammonium ions had predominantly 1.3 nm spacing 
(monolayer) and as the Nc value was increased to 16, 1.75 nm spacings (bilayer) appeared more 
frequently. At Nc > 16 only 1.75 nm and higher d-spacings were visible. Similar changes were 
observed for nontronite, however, the monolayer to bilayer transition appeared at shorter chain 
lengths suggesting a higher average layer charge for nontronite than saponite. In the meteorite 
samples serpentine spacings were unaffected by the alkylammonium treatment (0.7 nm). 
Smectites in the meteorites expand to layer d-spacings according to the alkyl chain length and 
their layer charge. Typically, these d-spacings ranged from 1.35 to about 2.3 nm. A spacing of 
1 35 nm corresponds to monolayer occupation of alkylammonium ions and 1.75 nm corresponds 
to bilayer occupation [4]. The presence of different spacings for a single alkylammonium ion 
saturated phyllosilicate in meteorites indicated charge heterogeneity among layers similar to that 

observed in terrestrial phyllosilicates [4], . - , 

The matrix of the Alais meteorite consisted mostly of phyllosilicates. It had uniformly 

stacked slightly bent nanocrystals of smectite (saponite), consisting of 5 to 30 2.1 layers and 
ranged from 50 to 500 nm in diameter. Thin packets of serpentine layers (2 to 3 layers thick) 
appeared to be sparsely embedded in larger smectite crystals in concurrence with earlier 
observations 15,6], suggesting a genetic relationship between serpentine and smectite. The Ivuna 
meteorite contained predominantly smectite crystals, similar to those of Alais; the serpentine 
crystals observed here were larger (15 to 20 layers thick) than those observed in Alais The 
Kaidun meteorite had fewer phyllosilicates in comparision to the other two. Phyllosilicate 
thickness here ranged from 2 to 15 layers and the diameter of the platy crystals ranged from 25 
to 75 nm. An occasional 1 nm d-spacing was observed suggesting the presence of a mica. 
Otherwise the phyllosilicates were mostly smectites and serpentines. In addition to smectites, 
Kaidun contained pentlandite and pyrrhotite in agreement with earlier observations [5,7], From 
the expansion of the phyllosilicates in the meteorite by alkylammonium ions, charge density 
variations in the smectites could be inferred. Ivuna and Kaidun matrices contained smectite 
nanocrystals of approximately similar low charge (<0.4 eq/ (Si,Al) 4 0,o). Alais contained well- 
defined crystals of smectite with slightly higher charge and exhibited greater layer charge 
homogeneity. The layer charge heterogeneity of the former two samples, Ivuna and Kaidun, 
suggests complex reactions during the parent body aqueous alteration (hydrothermal.) process 

References* [1] Zolensky, M. E. and McSween, H. Y. (1988) in Meteorites and The Early Solar 
System! Ari«>na Press p 114. [2] Zolensky, M. E. and Keller, L. P. (1992) 28th CMS Annua 
Meetings, Houston, TX (abstract) p. 184 [3] Ming et al (1992). LPSC XXII pp. 91 ^' 914, W 
Lagaly G (1981) Clay Miner. 16:1-21. (5] Zolensky et al. (1993) Geochim. Cosmo. ChtmActa 
57:3123-3148., [6] Brearly A. J. (1992) LPSC XXIII pp.153-154. [7] Mackinnon I. D. R. (1985) 
Meteoritics 20:702-703. [8] Nadeau et al. (1985) Am. Min. 70:1004-1010. 
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HIGH RESOLUTION TRANSMISSION ELECTRON MICROSCOPY (HRTEM) OF 
NANOPHASE FERRIC OXIDES: D. C. Golden 1 ^ R. V. Morris 2 , D. W. Ming 2 and H. V. 
Lauer, Jr 3 ; *Dual Inc. 2 NASA-JSO 3 Lockheed ESC, Houston, TX 77058 

l \ 

INTRODUCTION. Iron oxide minerals are the prime candidates for Fe(III) signatures in 
remotely sensed Martian surface spectra. Magnetic, Mossbauer, and reflectance spetroscopy has 
been carried out in the laboratory in order to understand the mineralogical nature of Martian 
analog ferric oxide minerals of submicron or nanometer size range [1,2]. Out of the iron oxide 
minerals studied, nanometer sized ferric oxides are promising candidates for possible Martian 
spectral analogs [IJ. "Nanophase ferric oxide (np-Ox)" is a generic term for ferric 
oxide/oxihydroxide particles having nanoscale (<10 nm) particle dimensions [1,3,4]. 
Ferrihydrite, superparamagnetic particles of hematite, maghemite and goethite, and nanometer 
sized particles of inherently paramagnetic lepidocrocite are all examples of nanopase ferric 
oxides. np-Ox particles in general do not give X-ray diffraction (XRD) patterns with well 
defined peaks and would often be classified as X-ray amorphus. Therefore, different np-Oxs 
preparations should be characterized using a more sensitive technique e.g., high resolution 
transmission electon microscopy (HRTEM). The purpose of this study is to report the particle 
size, morphology and crystalline order, of five np-Ox samples by HRTEM imaging and electron 
diffraction (ED). 

MATERIALS AND METHODS. Five samples of np-Ox were analyzed: TNA13/210 and 
S6FN28 have been characterized by Mossbauer and reflectance data as np-Hm [2,6]. 
TNA13/260 based on the same data has larger oxide particles than TNA13/210. Sample 
TNA13/210 was prepared by oxidation in air of trinuclear acetato hydroxy iron(III) nitrate 
(TNA) at 210 °C, TNA13/260 was prepared in a similar fashion except that the oxidation was 
carried out at 260 °C. 6LSFEH 20 was prepared by dialyzing a dilute ferrous sulfate solution 
incubated at 70 °C for 5 hr against distilled water. 6LSFEH was prepared by heating the 
6LSFEH to 400 °C. For HRTEM analysis sub milligram quantities of the samples were 
embedded in embed 812 epoxy resin and cut into 50 to 70 nm thin sections using a Microstar 
diamond knife mounted on a Porter Blum ultramicrotome. Thin sections were transferred on to 
carbon coated holey plastic substrates mounted on Cu grids. The sections were C-coated and 
observed under the JEOL 2000 FX transmission electron microscope operated at 200 kev. 

RESULTS AND DISCUSSION. Sample TNA 13/210 had a distinct ring ED pattern, with 
some spots due to discrete nanocrystals. The presence of rings at 3.67 and 2.72 A (Table 1) 
confirmed the presence of hematite. However the very intense rings at 2.53 and 1.54 A suggests 
the possible presence of an additional ferrihydrite like phase or smaller nanophase hematite 
particles. This observation was confirmed by the HRTEM images where a few nanocrystals of 
~10 nm hematite crystals and a bulk of much smaller rounded particles with no discernible 
lattice structure (<5 nm) were observed. Presence of 2.72 and 3.67 A lines in the ED pattern 
confirm the presence of hematite. TNA 13/260 sample was similar to the above except that a 
stronger ED spot pattern suggesting more crystalline hematite than TNA 13/210 was observed. 
HRTEM revealed the sample TNA 13/210 to contain rounded hematite crystals of ~ 10 nm, 
although smaller areas consisting of much finer crystals were found. S6FN28 electron 
diffraction was masked by a diffuse broad central spot due to silica gel, however, the HRTEM 
images indicated the presence of very fine ferric oxide (~1 to 4 nm) particles dispersed in the 
silica gel matrix. No lattice fringes were observed. 6LSFEH had a few particles with lattice 
fringes corresponding to hematite (2.7 A), whereas 6LSFEH20, the precursor to the above 
sample had only a two-line ED pattern (2.52 and 1.46 A) typical of ferrihydrite. Out of the 
five np-Ox samples studied, TNA 13/260 had predominantly hematite, TNA 13/210 and 6LSFEH 
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had hematite, and the rest were near amorphous ferric oxides exihibiting two or more ED 
lines in common with ferrihydrite (Table 1). By extrapolation, HRTEM-ED amorphous 
particles in all samples except 6LSFEH20 can be considered nanophase hematite which we were 

unable to confirm using our technique. . . 

Because these np-Ox particles do not have defined ferric crystal field transitions, the 

reflectivity spectrum is unlike those for powders of crystalline ferric oxides. Also the lattice 
defects which cause the imbalance in two antiferromagnetic lattices give rise to a net 
magnetization [6]. The electron diffraction data indicates that the np-Ox particles studied here 
are large enough to be considered as particles, and the five samples provide a range of 
crystallinity near the amorphous end (Figure 1). The information on crystal struture obtained 
by HRTEM and ED in conjunction with earlier published spectral data [1,2,6] may help to 

constrain the Martian iron mineralogy with greater precision. 

References: [1] Morris et al. (1989) JGR 94:2760-2778. [2] Morris et al. (1985) JGR 

90:3126-3144 [3] Golden et al. (1993) JGR 98:3401-3411 [4] Bell et al (1993) JGR 98:3373- 
3385 151 Towe K. M. (1990), Origin, Evolution, and Modern Aspects of Biomineralization in 

Plants and Animals. Plenum Press. New York. [6] Morris et al. (1991) LPSC XXII pp. 927-928. 

T«b!e 1. Electron direction springs in Angstroms for reference hematite (Hem), reference ferrihydrite (Fh) [5] and for the five njvO* samples 


Hcm l Phi TNA13/210 TNA13/260 S6FN28 6LSFEH 6LSFEH20 

_ _____Angstroms--- > 


3.67(012) 


3.67 

2.69(104) 


2.72 

2.51(110) 

254(110) 

2.48 

2.20(113) 

2.24(200) 

1.98(113) 

2.20 

1.84(024) 

1.69(116) 

1.72(114) 


1.64 

1.60(018,122) 

151(115) 


1.48(214) 

1.47(106) 

1.48 


3.67 




253 

2.48 

252 

252 

2.19 

2.01 

1.80 


1.68 


1.63 


1.47 

1.49 

1.6 

1.46 


l Va lu« in paranthesis are the Miller indices assuming a hexagonal lattice structure. 

Figure 1. Particle sizes of the np-Ox samples as observed by high resolution transmission 


electron microscopy. 
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STRUCTURE AND RHEOLOGY OF PARTIALLY MOLTEN AMMONIA- 
WATER ICES ; D.L. Goldsbv and D.L. Kohlstedt (Dept of Geology and Geophysics, Univ. 
of Minnesota, Mpls, MN, 55455) 

The physical properties of partially molten planetary materials, including permeability 
and rheology, are fundamentally dependent on the grain-scale distribution of the melt phase 
[1,2]. The results of high-pressure creep experiments on fine-grained partially molten 
ammonia-water ices reported in [3] have been analyzed in the context of recent observations 
of the wetting characteristics of the melt in two-phase ammonia-water ices. These creep 
experiments explored the effects of temperature T, strain rate e, melt fraction <(>, and grain size 
on creep strength. Experiments were conducted in a gas-medium apparatus designed for 
cryogenic use under the following conditions: 3.5xl0'*<£< 3.5x10"* s \ 160 <T< 220 K, and 
confining pressure P c =50 MPa. Samples were prepared containing 1, 5 or 8 wt% ammonia, 
yielding calculated melt fractions, respectively, of 3-4, 15-20, and 24-32 vol% from the 
peritectic temperature 7>=176 K to T=220 K. Partial melting of samples containing 1 wt% 
ammonia resulted in less than a factor of 2 decrease in strength over the entire experimental 
temperature range. Samples containing 5 and 8 wt% ammonia, however, exhibit a more 
dramatic loss of strength — up to a factor of 5 — at temperatures just above the peritectic 
temperature. Scanning electron microscope (SEM) micrographs of samples equilibrated at 
T=185 K for 24 h at a confining pressure P= 1 atm reveal that at low melt fractions (e.g., 3 
vol%) melt is confined to triple junctions, that is, grain faces remain melt-free. In contrast, 
at higher melt fractions, ammonia-water melt completely surrounds Ice I grains, so that the 
Theologically critical melt fraction <J> C is exceeded, as shown in Figure 1. 

The presence of melt in a polycrystalline aggregate can have a profound effect on 
rheology, both in the dislocation and in the diffusion creep regimes [4,5]. Melt increases the 
rate of dislocation creep due to the stress enhancement caused by a decrease in load-bearing 
area. Likewise, melt increases the rate of diffusional creep due not only to an enhancement 
in stress but also to the presence of high diffusivity melt-filled pathways [6]. Thus, the 
distribution of the melt phase, often characterized by a dihedral or wetting angle 0, governs 
the creep strength of a partially molten aggregate. For 0° <0< 60“, at low melt fractions, melt 
forms an interconnected network along three-grain and through four-grain junctions; at high 
melt fractions, the grains become completely surrounded by melt [1]. 

Previous microstructural analysis of ammonia-water ices deformed at high pressure has 
relied on replication of the outer sample surface by the indium jackets used to seal the samples 
[7]. This technique, however, does not provide adequate spatial resolution to measure the 
dihedral angle. A cryogenic temperature stage was developed for an environmental scanning 
electron microscope (ESEM) in the High Resolution Microscopy Center at the University of 
Minnesota that allows in situ microstructural characterization of ammonia-water ice samples. 
This ciyosystem consists of a copper sample stage coupled to a self-pressurized liquid nitrogen 
(LNj) dewar; subsolidus sample temperatures (<T=176 K) are maintained by circulating LN 2 
through the sample stage at a controlled rate. The system provides stable temperature control 
in the range 100 K <T< 273 K. The ESEM permits samples to be analyzed at much higher 
chamber pressures than is possible in a conventional SEM (i.e. -lO -6 Torr vs. ~10 5 Torr). In 
addition, sputter-coating of a high-conductivity material on the ice surface is not necessary in 
the ESEM, as would be required in a conventional SEM. The higher chamber pressures in 
the ESEM, combined with the lower temperature environment, reduces the rate of sample 
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sublimation to a negligible level. Condensation on the sample surface is minimized through the 
use of a dry imaging gas, such as N 2 , instead of water vapor, special sample exchange techniques 
are also used to minimize condensation. 



Figure 1- ESEM micrograph of 8 wt% NH 3 sample equilibrated for t=24 h at 
1 atm pressure, T=185 K. Calculated melt fraction <|*=~-0.24. Note that Ice I 
grains are completely separated by melt. 


With this newly developed capability, SEM observations have been made in the ammonia- 
water system. At T=185 K for the composition Xhjq^.OI, the dihedral angle is quite small, with 
0<2O°. Hence, in the ammonia-water system, just above the peritectic temperature and for low melt 
fractions, melt forms a three-dimensional, interconnected network. At higher melt fractions, as in 
the X^o^.05 and 0.08 cases, Ice I grains are completely separated by melt, as shown in Figure 
1. These SEM observations, coupled with the results of the creep experiments performed at 
hypersolidus temperatures for the samples with 5 and 8 wt% ammonia demonstrate that 4> c must be 
substantially less than 15 vol%. Consequently, partially molten ammonia-water ice near the surface 
and further within icy planetary bodies will undergo a dramatic loss of strength at relatively small 
melt fractions (i.e., at relatively water-rich compositions). These results also imply that the strength 
of partially molten ammonia-water ices will be critically dependent on the permeability, which will 
control the amount of melt retained in the ice body [8,9]. 
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CONSTRAINTS ON THE LARGEST MARSQUAKE 

M. P. Golombek, Jet Propulsion Laboratory, Caltech, Pasadena, CA 91109 

A recent estimate of martian seismicity through time has been made from the observed 
surface faulting on Mars (1), based on the definition of seismic moment, M 0 = pSAf, where p is 
uniform rigidity and S is average slip over fault area Af. In this study, information on the extent 
and history of faulting on Mars was compiled to estimate the total moment release per year, which 
was then apportioned into different sized events based on likely moment-frequency relationships. 
One of the critical parameters needed to estimate the frequency of marsquakes is the size of the 
largest event. In this abstract, a number of arguments are made beyond those in Golombek et al. 
(1) that better constrain the largest marsquake. These arguments suggest the largest marsquake 
likely is limited to seismic moment of order 10 27 dyne-cm, which is roughly equivalent to a body- 
wave magnitude 7 event on Earth (2); events larger than this are unlikely without subduction or 
plate tectonics. As in the earlier paper, the size of an event will be discussed primarily in terms of 
seismic moment, which is a more fundamental measure of seismic energy release than magnitude, 
and can be compared between planets without concern for specific seismic wave propagation 
characteristics or seismometer response. 

The seismic events on Earth most likely to be analogous to events on Mars are intraplate 
oceanic earthquakes (2). These events make up a class of earthquakes that are due to lithospheric 
cooling and are relatively free from plate boundary effects. The largest intraplate oceanic 
earthquake since 1977 is under 10 27 dyne-cm (actually 5.4xl0 26 dyne-cm, 3), excluding the 
Chagos Bank earthquake (1.8xl0 27 dyne-cm), which is believed to have occurred on a diffuse 
plate boundary (4). As a result, Golombek et al. (1) assumed the largest marsquake was lO 2 ^ 
dyne-cm. Note that even if the Chagos Bank event were included as an intraplate event the 
maximum moment would be limited to less than 2xl0 27 dyne-cm. 

On Earth, seismic events of a particular moment typically have a limited range of fault areas 
and slips. Earthquakes of moment 10 27 dyne-cm typically involve fault areas of a few hundred to 
a few thousand km 2 and slips of 1-10 m, for the nominal p of 3xl0 n dyne/cm 2 . As examples, 
slip of 1 m on a fault a few hundred km long by 10 km wide would produce a 10 27 dyne-cm 
moment event as would slip of 10 m on a fault a few tens of km long by 10 km wide. To further 
quantify these types of characteristics, earthquakes with well documented fault length (from field 
observations of surface breaks), width (from hypocenter distributions), slip (from field and 
geodetic observations of surface breaks) and moment (from waveform analysis) were extracted 
from the literature (these requirements purposefully excluded subduction related events). A couple 
of dozen examples show that in addition to the slip-area relationships just described, earthquakes 
with different focal mechanisms have different characteristic aspect ratios. Specifically, normal 
and thrust events typically occur on more equant shaped fault surfaces than strike-slip faults. 
Tabulation of about 8 normal fault earthquakes with well documented slip and fault plane 
information (5, 6, 7, 8) shows that they have an average aspect ratio of 2.3 (that is their fault 
length is on average 2.3 times greater than their width). 

The size of a structure effectively limits the size of the quake that it could generate. Most 
grabens and wrinkle ridges on Mars are bounded by faults with widths that are <5 km (1). For 
fault rupture lengths of up to 10 km and slips of order 10 cm, the maximum moment event is ~10 24 
dyne-cm. Larger grabens and faults bounding collapsed summit calderas of martian volcanoes 
probably extend up to 10 km deep (9 and refs, in 1). Fault rupture lengths of roughly 50 km with 
slip of about 50 cm could generate marquakes with moments of ~10 26 dyne-cm. Larger 
marsquakes require larger faults that cut the entire brittle lithosphere on Mars. Such faults bound 
rifts such as Valles Marineris and the Thaumasia rift on Mars (9). The brittle lithosphere on Mars 
has been estimated to be no more than 40 km thick based on assumed present-day heat flow and 
lithospheric strength envelopes (e.g., 9). For a normal fault with a width of about 40 km, the 
average length that would rupture during an individual marsquake is roughly 100 km, assuming an 
average aspect ratio for normal fault earthquakes. Geologic mapping of Valles Marineris, which 
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has been active ovef most of martian geologic time, also indicates characteristic individual normal 
fault strands at the base of canyon wall scarps of about 100 km length (10). Slip of 1 m on a fault 
100 km by 40 km would produce an event of moment ~10 27 dyne-cm. Slip of 10 m, which is 
possible for a fault of this size on Earth, would produce a moment release an order of magnitude 
greater than this (although a 40 km fault width is an upper limit). As a result, slip on large normal 
faults bounding canyons of Valles Marineris could reasonably be expected to generate marsquakes 

of moment ~10 27 dyne-cm. . , 

Given that the largest marsquakes are generated on normal faults, a potential bound to such 
events on Mars could be the largest continental normal fault events on Earth. The largest 
continental normal earthquakes (excluding plate boundary or subduction-related plate bending 
events) release about 10 27 dyne-cm (11). Among these is the particularly well documented 1959 
Hebgen Lake, Montana (near Yellowstone) event (e.g., 5, 6). This event ruptured a 30 km long 
by 15 km wide fault plane, with a slip of about 10 m, for a moment release of l-2xl0 27 dyne-cm. 
Note that the Chagos Bank event that occurred in oceanic lithosphere, which is typically stronger 
than continental lithosphere (particularly when it is older than 10 Ma, 12), released about the same 
moment (1.8xl0 27 dyne-cm). These examples indicate that non-plate boundary normal fault 

events can be as large as about 2xl0 27 dyne-cm, but not much larger. 

The arguments discussed above suggest that the largest moment marsquake that could be 

generated is about 2xl0 27 dyne-cm. This is the moment release of the largest intraplate oceanic 
earthquake as well as the largest intraplate continental normal fault earthquake. These two classes 
of earthquakes are relatively free of plate boundary effects and the oceanic events are primarily due 
to lithospheric cooling, both of which are likely attributes of the processes that generate 
marsquakes (2). Considerations of the largest faults on Mars, which bound Valles Marineris 
canyons, and typical aspect ratios and slips for normal events on Earth, also allow marsquakes of 
about this size. Using the moment-magnitude relationship derived earlier for purposes of 
illustration (1), suggests that an event of seismic moment 10 27 dyne-cm is roughly equivalent to a 
body-wave magnitude 7 earthquake. This comparison and analysis clearly show that events 
equivalent to magnitude 8 or larger earthquakes, with moment release of order 10 3 ° dyne-cm 
(which only occur between subducting plates on Earth, 11), are not possible on Mars. Subduction 
related events on Earth involve fault planes with widths of a few hundred km, lengths up to a 
thousand km and slips of 10-30 m, conditions that only can be met at subducting plate boundaries. 
For reference, note that large strike-slip events along transform faults on Earth only generate events 
of moment ~10 28 dyne-cm. It is interesting to note that an event of moment 10 30 dyne-cm exceeds 
the total annual moment release of the Earth by 1 order of magnitude (~10 29 dyne-cm/yr). The 


maximum moment release marquake derived herein (10 27 dyne-cm) exceeds our best estimate for 
the total annual moment release on Mars (1) by 2 orders of magnitude (10 25 dyne-cm/yr). Finally, 
if the largest moment release event on Mars is 10 27 dyne-cm, then the recurrence interval for 
marsquakes is 1.6 times longer than estimated in Golombek et al. (1). The recurrence interval for 
10 27 dyne-cm moment events, using the same assumptions for the entire seismogenic lithosphere 
(1) is 112 years (note that the recurrence interval for 10 26 5 dyne-cm events, if these are the largest 
events for the entire seismogenic lithosphere, is really 35.6 years, rather than the 365 years 
mistakenly reported in Golombek et al., 1). __ 

References: (1) Golombek et al., 1992, Science 258, 979-981. (2) R. J. Phillips, 
1991 p 35-38 in Solomon et al.. Lunar Planet. Inst. Tech. Rep. No. 91-02. (3) Bergman, 1986, 
Tectonophys 132, 1-35 and S. C. Solomon catalog of 141 intraplate oceanic earthquakes, pers. 
com (4) Wiens et al., 1985, Geophys. Res. Lett., 12, 429-432. (5) Stein & Barrientos, 1985, J. 
Geophys. Res. 90, 11,355-11,366. (6) Doser, 1985, J. Geophys. Res. 90, 4537-4555 (7) 

Eyidogan & Jackson, 1985, Geophys. J. R. astr. Soc. 81, 569-607. (8) Jackson et al., 1982, 
Earth Planet. Sci. Lett. 57, 377-397. (9) Banerdt et al., 1992, p 249-297, in U Ariz. MAR S- (10) 
Witbeck et al, 1991, US Geol. Sur. Map 1-2010. (11) Pacheco & Sykes, 1992, Bull. Seis. Soc. 
Amer 82, 1306-1349. (12) Lynch & Morgan, 1987, Geol. Soc. Amer. Spec. Pub. 28, 53-65. 
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EXTENSION ACROSS TEMPE TERRA AND SIRENUM PROVINCES ON 
MARS FROM MEASUREMENTS OF FAULT SCARP WIDTHS 

M. P. Golorabek 1 ' K. L. Tanaka 2 , D. J. Chadwick 2 , B. J. Franklin 1 , and P. A. Davis 2 , 

l Jet Propulsion Laboratory, Caltech, Pasadena, CA 91109, 2 US Geological Survey, Flagstaff, AZ 


A new method of determining extension across grabens and rifts on Mars has been 
developed and applied to the Tempe Terra and Sirenum provinces. In principle, determining 
extension across grabens and rifts is fairly simple provided that the structures are not heavily 
modified by subsequent geologic processes. Available evidence suggests that most extensional 
structures on Mars are bounded by steeply dipping normal faults (1). If the dip of the fault is 
known, or can be approximated, then the throw (vertical displacement) between the upthrown 
(footwall) and downthrown (hanging wall) blocks is directly related to the extension or horizontal 
slip between the blocks. To estimate the vertical relief or throw across a fault, methods such as 
measuring the length of shadows or photoclinometry have been utilized (2, 3,4). However, these 
methods have somewhat restrictive conditions for their use and can be both time consuming and 
impractical in certain situations. In this abstract, measurement of fault scarp widths are used with 
information on fault scarp slope and fault dip to estimate extension across normal faults in two 
provinces around Tharsis on Mars. 

Most extensional structures on Mars are simple grabens, which are bounded by two inward 
dipping normal faults, with flat floors and equal scarps (1, 2, 3). As is the case for lunar simple 
grabens (5), mass wasting has considerably reduced fault scarp slopes on Mars (2, 3). 
Photoclinometric measurement of 628 simple graben scarp slopes throughout the western 
hemisphere of Mars (2, 3, 6) indicate an average slope of 8.6° (with a Poisson distribution- 
standard deviation ±2.9°). Higher fault scarps that bound rifts on Mars appear to have a steeper 
slope. Photoclinometric measurements of 200 large slopes on Mars indicate an average slope of 
20° (with a normal distribution standard deviation ±9.6°). In addition, faults bounding simple 
grabens on Mars dip about 60° (with a loosely bracketed variability of 15°; 3,5). 

Simple measurement of normal fault scarp width (perpendicular to surface strike) can then 
be used to estimate fault throw and extension. All simple graben fault scarps are assumed to slope 
8.6° and all rift and larger, more heavily modified graben fault scarps are assumed to slope 20°. 

The width of the scarp, W s , can then be used to calculate the extension, E x = (W s tanS o )/tan 0 Co, 

with an average slope, S 0 , and average fault dip, a 0 . The formal uncertainty in this estimate, 

assuming independent variables, is = (E x 2 [dS 2 /(cos 2 S 0 sin 2 S 0 ) + da 2 /(cos 2 oco sin 2 ao)]} 1/2 

(7), where dS and da are the uncertainties in the scarp slope and fault dip, respectively, which are 
taken from the standard deviations from the measured data set (given above). In practice, the 
width of all simple graben scarps and larger, more heavily modified faults scarps are measured and 
summed separately; the extension and uncertainty are then calculated. The formal uncertainty in 
extension is 0.7 to 0.8 times E x . Note that this uncertainty is dominated by the uncertainty in the 
fault dip, which can easily vary by 15°. For example, uncertainties of up to 15% in determining 
height or slope from photoclinometry (2) only decreases the formal uncertainty in extension to 0.6 
times E x . As a result, the new method described in this abstract allows estimates of extension 
across normal fault structures on Mars that are only slightly more uncertain than estimates using 
photoclinometry. We apply this method of measuring extension to fault scarps in Tempe Terra and 
Sirenum Fossae, where lighting conditions in Viking images are not entirely favorable for 
photoclinometry. 

Tempe Terra is a large plateau of cratered highland and plains (Noachian through Hesperian 
age) on the northeast flank of Tharsis. It is cut by a series of narrow northeast-striking grabens 
that are Noachian through Hesperian in age (8). A series of wider and deeper grabens and rifts 
formed along the axis of the plateau in the Middle to Late Noachian (8), along with a volcanic 
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center. Most of these grabens formed roughly radial to Tharsis during two main pulses of 

deformation (9, 10). , ___ — 

We measured fault scarp width across a northwest-southeast traverse through iempe terra 
(40 5°N, 89.5°W to 30.8°N, 76°W), which is roughly perpendicular to most of the structures and 
passes just to the south of the volcanic center but through the deep Tempe Terra rifts. A total of 
272 scarp widths were measured; 201 simple graben scarp widths summed together to 71.4 km; 71 
larger more modified scarp widths summed together to 54.1 km. All together the scarps indicate 
about 17.6 km of extension with a formal uncertainty of ±13.4 km. For comparison, Tanaka and 
Golombek (11) found about 19±12 km of extension across Tempe Terra based on measured 

elongation of pre-existing craters. . . 

Sirenum Fossae is located on the southwestern flank of the Tharsis rise. Twenty-six 
narrow structures are located at a distance of about 2500 km from the Pavonis tectonic center o 
Tharsis (9). These structures are oriented radially to this center and deform Noachian and 
Hesperian age rocks. The structures are very narrow in available Viking images (commonly 
comprising only a few pixels in the digital data base) and are either simple grabens or module 
tension cracks. The region is devoid of local tectonic and volcanic centers and therefore may 
represent the circumferential extension due solely to Tharsis generated stresses. 

We measured the perpendicular widths of each fault scarp, assuming each structure is a 
simple graben bounded by 2 scarps and determined a total scarp width of 28.9 km. Applying our 
method, the total extension is 2.5 ±1.7 km across the region. This must be considered a minimum 
estimate of the extension, given that some of the structures may be tension cracks, which require 
more extension than similar width grabens. A total of about 1 km of extension was estimated by 
Tanaka and Chadwick (12), based on an oversimplified approach in which extension was assumed 

to be dependent on graben width. , 

The Sirenum and Tempe Terra regions each occupy about an eighth section of the roughly 
circular Tharsis rise. Nevertheless, the extensional strain accommodated by each is very different 
(roughly 3 km versus 18 km). Estimates of extension across other regions, such as Alba Patera (8 
km; 4) and Valles Marineris (16 km, based on Chadwick and Lucchitta, 13, steep fault dip 
determinations and Schultz, 14, interpretations of structure), both of which also occupy up to an 
eighth section of Tharsis, further underscores this variation in circumferential extension around 
Tharsis If Sirenum extension does, in fact, solely represent Tharsis regional stresses, men the 
total circumferential strain due to this stress source is only 20 km. However, total circumferential 
strain around Tharsis from the preliminary numbers cited above is roughly 45 km, not including 
the Thaumasia province. If the extension across Thaumasia is of the same order as the extension 
across Tempe Terra, total circumferential strain around Tharsis is of order 60 km. These results 
provide the first quantitative comparison of the heterogeneous strain among the various provinces 
around the Tharsis rise. 
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"FLINDERSITE" BEARING IMPACT EJECTA LAYER FROM SOUTH 
AUSTRALIA; V. A. GOSTIN & M. ZBIK, Department of Geology & 
Geophysics, University of Adelaide, Adelaide, South Australia 5005. 

A thin (up to several centimeters) layer of coarse, feldspathic clasts and sand has been 
found in the Precambrian Bunyeroo Formation in central and northern Flinders Ranges. Such a 
characteristic and persistent marker bed was interpreted by Gostin et al [1,2] as an impact ejecta 
layer derived from bolide impact. The remnants of a huge impact structure have been found by 
Williams [3] in the Gawler Ranges, 300 km away from this ejecta layer. Coarse impact- 
metamorphosed clasts of acid volcanics that occur in the ejecta layer have been called 
"FLINDERSITES" [4]. Based on similarities between "Flindersites" and the Gawler Range 
Volcanics, a genetic link between this impact structure and the distal impactites has been 
established. 

A sample of the impact debris layer several cm thick was collected for investigation from 
Bunyeroo Gorge in the central Flinders Ranges. The lowest layer (L-l) is a coarse clast-bearing 
[Flindersite] horizon. Mineralogy of this layer is determined by composition of the Flindersite 
clasts. The clay fraction of this layer consists of vermiculite and kaolinite, perhaps formed from 
the alteration and weathering of glassy components (Fig. 1). The dark red Flindersite clast, 
containing plagioclase phenocrysts surrounded by a felsic matrix, had sunk into the mudstone host 
rock (sample L-3). According to Gostin et al [1] this layer was deposited by vertical fall of ejecta 
through the water column shortly after impact. 

The overlying sandstone layer (L-2) is high porous and more persistant compared to layer 
L-l, and represents finer impact debris that took longer to settle through the atmosphere and water 
column. A thin greenish-gray mudstone layer separates layers L-l and L-2, and in composition is 
similar to host sediment L-3. The clay fraction of sample L-2 and L-3 (see Fig. 1) is rich in micas 
(illite) and clinochlorite which indicates that these layers had probably settled simultanously. 
However the clinochlorite content in L-2 is significantly lower than in the host mudstone layer. 
Both layers L-l and L-2 contain numerous grains displaying impact-produced features. These 
include several quartz grains displaying one or two sets of decorated PDF (planar deformation 
features. Fig. 2) and clasts with mixed melt developing along grain boundaries. Complete or 
partial isotropization of feldspar crystals (maskelynite formation) has occurred. Albite incrusted 
spherules and shard-like clasts described in [2] are present in both layers and in the intervening 
mudstone layer. They consist of secondary minerals which probably replaced primary glass of 
microtektite origin [Fig. 3]. 

Using basic geophysical principles and the results of our analyses, leads to a modified 
scheme of ejecta layer formation: 1- Due to the velocity of seismic waves in igneous rocks, a huge 
earthquake put sea-floor sediments into suspension about a minute after asteroidal impact in the 
Gawler Ranges. 2- Several minutes after this earthquake, coarse, impact-metamorphosed dacite 
rocks quickly dropped through the turbid watercolumn. Due to inhomogenity of the ejecta curtain, 
the debris covered the sea-floor in patches. 3- The mud still in suspension settled on the sea- floor, 
covering the coarse ejecta. 4- At an indetermined time after impact, but probably when significant 
sediments were still in suspension, the finer impact debris settled through the atmosphere and 
water column. 5- After completing the sedimentation process, further sediment reworking occurred 
by turbidity currents. Since no debris finer than 0.1 mm in diameter occurs at Bunyeroo Gorge, this 
material was probably carried away by currents and deposited elsewhere. 

Trace and minor element abundances in the above described layers [Fig.4], confirm the 
similarities between the impact ejecta layers, and the significant differences between these and 
the host mudstone. Moreover the diagrams show enrichment of impact ejecta layers in Cr and Ni, 
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especially in the clay fraction. Because these elements are not present in target rocks in such 
amounts, and because they follow the Ir anomaly [2], it is possible to investigate the type of 
impactor from studying the elemental ratios in the clay fraction of ejecta layers. Perhaps former 
impact glasses that were contaminated by impactor elements retained some elemental abundances 
of the impactor even after transformation of the glasses into clay minerals. 

REFERENCES: [1]- V.A.Gostin et al. (1986) Science Vol. 233, pp. 198-200. [2]- V.A.Gostin et al. 
(1989) Nature Vol. 340, No. 6234, pp. 542-544. [3]- G.E.Williams (1986) Science Vol. 233, pp. 200- 
203. [4]- V.A.Gostin & M.Zbik (1994) 25th, LPSC Houston. 




Fig.2 PDF in quartz grain from sandstone layer. 



Fig. 3 Albite spherules from the thin layer 
between L-l & L-2. 
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"FLINDERSITES", DISTANT EJECTA IMPACTITES FROM SOUTH 

AUSTRALIA; V. A. GOSTIN and M. ZBIK Department of Geology and Geophysics, 
University of Adelaide, Adelaide, South Australia 5005. 

Several clasts of dark red and strongly shattered dacites have been collected from the 
unique distant ejecta layer of the Lake Acraman meteorite impact structure [1]. Such 
clasts are extensively distributed along the iridium anomaly-bearing sedimentary horizon 
within the Precambrian Bunyeroo Formation outcropping in the central Flinders Ranges 
[2,3]. Petrology and chemical composition of feldspars from two clasts of distinctly 
different size have been studied. Results have been compared with chemical compositions of 
feldspars from pre-impact unshocked dacites (samplel) and dacites from the central part of 
the Lake Acraman impact structure (sample 4). 

Two clasts about 4cm (sample 2) and 40cm (sample 3) in diameter are dark red and 
strongly shattered (Fig.1). Hand specimens show a porphyritic texture, while in thin 
section large euhedral and subhedral phenocrysts of plagioclase, and rarely small quartz 
crystals are surrounded by a felsic matrix. Numerous cracks cross the phenocrysts and 
matrix. Green assemblages of fibrous chlorite which replace probable pyroxene are 
common, and small apatite crystal occur. Calcite, dolomite and Cu-bearing secondary 
minerals fill the porous system. 


Numerous quartz crystals show multiple planar deformation features, many being 
decorated, probably by stishovite (Fig. 2). Plagioclase feldspar phenocrysts often display 
planar deformations, undulatory extinction and partial isotropization. Such isotropization 
probably led to maskelynite formation. Isotropic and partly isotropic felspar grains are 
present in the matrix. Irregular pink dark turbid patches showing wavy extinction are 
sites of devitrified melt pockets and mixed melt along grain boundaries. All these features 
demonstrate that the studied samples were altered by shock metamorphism whose magnitude 
could be estimated as moderately shocked (shock stage S4), with shock pressures between 
10 and 30 GPa [4], 

Microprobe analyses showed the chemical composition of feldspars in both clasts 
were equilibrated and uniform. Large phenocrysts contain albite-rich plagioclase 
Or 0.5 Ab 97.9 An l.6 with int ergrowths of potassic felspar Or g6 g Ab 1 An 2 1 which dominate 
in the matrix. 

In the studied samples, the K 2 0/Na 2 0 ratios in albite show the opposite effect from 

that in orthoclase (see Fig. 3a and 3b). These ratios usually increase from target rocks to 
impactites, but in many cases the opposite tendency has been observed [5]. Enrichment of 
potassium occurs in albite whereas enrichment in sodium is noted in orthoclase. Perhaps 
during impact processes potassium in orthoclase and sodium in albite as the major elements 
have left the mineral structure quicker than the minor elements. A continuous sequence of 
chemical alterations are shown in Fig. 3c and 3d, where significant increases of the ratio 
Si0 2 and AI 2 Og to volatiles suggest that samples chosen for investigation form a sequence 
within the same single impact event. 

The uniqueness of such objects, which, for the first time have been found far away 
from remnants of the parent meteoritic impact structure, suggest that they be given a 
special name of "FLINDERSITES" from the mountain range where they occur. Furthermore, 
the similarity in origin between Flindersites and meteorites from the Moon and Mars 
provides a special occasion to study links between them. 
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Fig. 1 Largest Flindersite 

from Bunyeroo Gorge, Flinders Ranges. 

Scale bar 35 cm. 


Fig. 2 Planar deformation features in 
quartz crystal within Flindersite. 



Fig. 3 Ratios of chemical components from (1) pre-impact dacite, (2) small and (3) large 
Flindersites, and (4) centre of Acraman impact structure. 
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Diamonds from Acfer 182: morphology, C & N stable isotopic composition 
and cathodoluminescence properties, Monica M. Grady 1 , M. R. Lee 2 , C. M. O'D. 
Alexander 3 , J. W. Arden 4 and C. T. Pillinger 5 . ^ept. of Mineralogy, The Natural History Museum, 
Cromwell Road, London SW7 5BD, U.K., 2 Dept. of Geology & Geophysics, University of Edinburgh, 
Edinburgh EHG 3JW; 3 McDonnell Center for Space Sciences, Washington University, St. Louis MO 63130, 
U.S.A.; Dept, of Geology, University of Oxford, Parks Road, Oxford; 5 Planetary Sciences Unit, Dept. Earth 
Sciences, The Open University, Walton Hall, Milton Keynes MK7 6AA, U.K. 

The occurrence of diamond in meteorites is well-documented, and much debate has 
ensued over their possible modes of formation. Sub-millimetre-sized diamonds located in iron 
meteorites and veins in ureilites are generally thought to be the result of collision, either 
during terrestrial impact [1] or between parent-bodies in space [2], although origin by 
chemical vapour deposition (CVD) has also been proposed [3]. The carbon and nitrogen 
isotopic compositions of these diamonds probably reflect their solar system origin [4], 
Primitive chondrites also contain diamonds, although in this case they are nm-sized and play 
host to nitrogen and noble gas components with unusual isotopic compositions [5, 6]. These 
C5 diamonds are believed to be circumstellar grains. A third type of diamond, of unknown 
provenance, has recently been isolated from the Abee EH4 chondrite [7], as lath-shaped 
crystals with solar system carbon and nitrogen isotopic compositions. Since Abee is an 
unshocked meteorite, such diamonds are unlikely to be produced by collision. Thus far, all 
the samples studied have diamond of a single type, however, during study of the ungrouped 
chondrite Acfer 182, we have found diamond occurring in two morphologies. One is similar 
to C5, the other we consider in more detail here. 

Acfer 182 is an unusual chondritic breccia, characterised by its fine-grained nature, high 
metal content, small average chondrule diameter and abundant clasts of dark matrix [8]. Tt is 
relatively unshocked, most of the sample being S2, with only a few olivine grains exhibiting 
S3 features [8]. An outstanding feature of the meteorite is its elevated nitrogen isotopic 
composition, with whole-rock 5 15 N values up to ca. +800%o, reaching + 1600% o in a single 
step [9]. In the hope that the elevated 8^N values represented an abundant concentration of a 
new population of pre-solar grains, different from any so far recognised in other primitive 
chondrites, a suite of acid-resistant residues was prepared. After treatment with HF, HC1, 
Cr2C>7 2 - and HCIO4, a residue was obtained which represented 550 ppm of the original 
material. Combustion indicated that only ca. 7 wt. % of the residue was carbonaceous; EPMA 
confirmed that the bulk of the sample was in the form of the insoluble oxides corundum and 
spinel. Transmission electron microscopy (TEM) identified the carbonaceous material as 
diamond, most of which appeared as clumps of nm-sized grains, similar in appearance to C5 
diamond. However, in addition to these aggregates, several large, micron-sized individual 
diamond platelets were present, the largest of which had dimensions ca. 8^m x 5^cm. 
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Stepped combustion of the residue indicated that almost all of the heavy nitrogen had 
been removed by the acid treatment. The major release of carbon and nitrogen occurred 
between 510°C and 550°C, with 5 15 N down to -200 %o, and mean C/N by mass ca. 85. The 
combustion temperature is higher by ca. 20°C than that of C5 isolated from CM chondrites 
[10], but the low absolute value of C/N and its variation with temperature is similar. These 
properties are consistent with identification of most of the residue as C8-type diamond, or at 
least a close relation, modified by the presence of small residual amounts of 15 N-enriched 
material. 

Between 625°C and 700°C, almost 14% of the carbon present in the residue combusts; 
this temperature range is appropriate for combustion of micron-sized diamonds [11]. Nitrogen 
isotopic composition is variable, with 5 15 N rising from -5%o to +21 %o, then decreasing to 
-6%o. Nitrogen isotopic composition is therefore quite distinct from that of C5 diamond, as is 
the C/N ratio of ca. 1000. The combustion temperature, isotope characteristics and C/N ratio 
implies this material is also different from diamonds isolated from ureilites [12] and Abee [7], 

Dark-field images obtained by TEM reveal that the largest diamond platelet found is 
morphologically different from Abee, exhibits symmetrical extinction features radiating from 
a void at the centre of one of the long edges. In an effort to determine whether this feature 
represented zoning associated with growth bands emanating from a "seed" nucleus, a scanning 
cathodoluminescence (CL) image was generated using a CL-SEM system with attached 
monochromator. The diamond luminesced only weakly, due to its size and transparency, but 
the CL exhibited was centred in the blue region of the spectrum, with strongest emission at 
425nm. No sectored growth zoning corresponding to the dark-field symmetry was observed: 
rather, the CL was strongest at edge defects, also visible in the secondary electron image. 
Inferences drawn from the CL imagery are that the large diamond is a single crystal, not an 
aggregate of lath-shaped diamonds, and that the visible structures are either growth defects or 
shock-induced during collisions. 

We conclude that Acfer 182 is a source of yet another type of diamond with solar system 
characteristics, for which a shock origin cannot be eliminated. The diamonds are of a 


sufficient size for individual crystals to be used for ion probe studies. 

Acknowledgements: Dr Paul Wright and Oxford Instruments Ltd., Eynsham, U.K., are gratefully acknowledged 
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A SEARCH FOR NITRATES IN NAKHLA; M. M. Grady 1 , I. P. Wright 2 and C. T. 
Pillinger 2 , 'Dept, of Mineralogy, The Natural History Museum, Cromwell Road, London 
SW7 5BD, 2 Planetary Sciences Unit, Dept, of Earth Sciences, The Open University, Walton 
Hall, Milton Keynes MK7 6AA, U. K. 

Environmental conditions on Mars have been inferred from a variety of sources, e.g. 
theoretical modelling, satellite imagery, data from Viking landers etc. More recently, 
additional progress in constraining surficial processes has come from analyses of SNC 
meteorites. This small band of specimens has now increased in size to a total of ten, with the 
addition of samples from Antarctica [e.g. 1]. In the present study, one of the type SNC 
specimens, Nakhla, has been investigated in an effort to provide constraints on the nitrogen 
cycle on Mars. 

The presence of low-temperature secondary minerals in SNC meteorites is well known. 
For instance, carbonates have been documented [e.g. 2], and their origin as martian 
weathering products deduced from carbon and oxygen isotope measurements [3, 4], With a 
knowledge of the isotopic compositions of weathering products, coupled with additional data 
from magmatic sources and atmospheric gases, it should be feasible to derive models of the 
geochemical cycles on Mars. In this regard, efforts have been made to use carbon isotopic data 
to trace the evolution of martian atmospheric CO 2 [5]. Provided the requisite data are 
available for nitrogen species (i.e. low-temperature forms, magmatic volatiles, atmospheric 
gases etc.) an equivalent treatment could be attempted for the surficial nitrogen reservoirs on 
Mars. The occurrence of nitrates has been predicted on the martian surface [6]. If these are 
confirmed in SNC meteorites, isotope measurements acquired could be used in an analogous 
manner to data from carbonates. However, a pathfinder study seeking nitrates had only limited 
success [7]: data from the black glass lithology from EET A79001 were ambiguous. There 
was some evidence for the presence of nitrates, but the origin of the salts was uncertain, i.e. 
they might have been a result of Antarctic weathering processes. The search for martian 
nitrates has now been extended to Nakhla, an observed fall retrieved soon after it landed, 
which has therefore not suffered extensive terrestrial weathering in a temperate environment. 
Nakhla is known to contain materials thought to be produced by pre-terrestrial aqueous 
alteration: iddingsite [8], smectite, sulphates [9] and carbonates [3]. Hence, Nakhla was 
considered to be a prime candidate in which to search for nitrates. 

A powdered whole-rock sample of Nakhla ( ca. 2 mg) was mixed with spectroscopic-grade 
KBr and analysed by FTIR. The spectrum obtained was dominated by broad features below 
1250 cm -1 , from the silicate minerals, with only a very minor peak around 1375 cm' 1 . This 
latter feature occurs at the same wave-number as most synthetic nitrates [7], To confirm that 
nitrates were indeed present in Nakhla, an attempt was made to concentrate these water- 
soluble salts by extracting ca. 500 mg sample with 2 ml triply-distilled, de-ionised water. 
From the resulting solution, ca. 0.5 ml was set aside for ion chromatography, to determine the 
concentration of the putative nitrates. The remaining solution, which also contained some fine 
mineral grains from the meteorite, was evaporated to dryness, yielding a poorly-crystalline 
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residue, which was again mixed with KBr for FTIR analysis. The silicate features noted in the 
whole-rock were again present, but at reduced intensity. The adsorption at around 1375 cm' 1 
was more prominent - both broader and deeper than in the whole-rock spectrum, implying that 
the presumed nitrates had indeed been concentrated in the water-soluble extract. FTIR, 
however, does not absolutely distinguish between different nitrate species, hence XRD work is 

necessary to characterise the water-soluble salts. 

Unfortunately, insufficient soluble material remained after FTIR for the nitrogen isotopic 
composition of the residue to be measured. However, it is known from previous work [7] that 
nitrates decrepitate over a narrow range of temperatures, between 300 - 500 C, hence it 
should be possible to assess the nitrogen isotopic composition of these minerals from 
measurement of a whole-rock sample of the meteorite. A preliminary analysis of Nakhla using 
stepped heating [10] showed a discrete release of nitrogen below 600°C, with 6 15 N varying 
from -10%o to +10 %. However, with the large step size (100°C) employed during the 
analysis, it was impossible to distinguish nitrates from any other components present, such as 
organic compounds (terrestrial or indigenous). Regardless, it is considered that should any 
nitrates be present in Nakhla, they have S'-’N values that are not far removed from 0%o, as 
was the case in the study of EET A79001 [7], The 5 l5 N value of the present-day martian 
atmosphere, has been determined by Viking to be > +600%o [11], and from SNC's to be > 
+300%o [12]. This is substantially different from that which is apparent for the supposed 
nitrates, therefore the latter could not have easily formed from martian atmospheric nitrogen 
(otherwise they would have large positive 8 15 N values). Intuitively this is unexpected; if the 
results can be substantiated by further analyses, the whole subject of the nitrogen cycle at the 
surface of Mars may have to be reappraised. 

The possibility, however, that the presumed nitrates are terrestrial, can not yet be ruled 
out. The recently recognised specimen ALH 84001, a new type of SNC [1], collected from a 
different environment from Nakhla, may provide another potential source of nitrates. If the 
isotopic composition of the nitrogen-containing salts from Nakhla, ALH 84001 and 
EET A79001 are all similar, and ca. 0%o, then either the mechanism of nitrate production on 
Mars is more complex than has been presumed, or the formation of terrestrial nitrates with 
broadly similar isotopic composition is more widespread than anticipated. Hopefully, 
appropriate analyses of ALH 84001 can be made swiftly so as to enable results from this new 
rock type to be added to the data acquired from other SNC meteorites. 


References: [1] Score, R. A. and Lindstrom, M. (1993) Ant. Met. Newsletter 16 No. 3 2-4; [2] Gooding, J. L. 
(1988) Geochim. Cosmochim. Acta 52 905-915; [3] Carr, R. H. et al. (1985) Nature 314 248-250; [4] Wright, I. 
P. et al. (1988) Geochim. Cosmochim. Acta 52 917-924; [5] Wright, I. P . et al. (1990) J. Geophys. Res. 95 
14789-14794; [6] Y ung , Y. L. et al. (1977) Icarus 30 26-41; [7] Grady, M. M. et al. (1993) LPSC XXIV; [8] 
Ashworth, J. R. and Hutchison, R. (1975) Nature 256 714-715; [9] Gooding, J. L. et al. (1991) Meteoritics 26 
135-143; [101 Wright, I. P. et al. (1992) Geochim. Cosmochim. Acta 56 817-826; [11] Nier, A. O. et al. (1976) 
Science 194 68-70; [12] Becker, R. H. and Pepin, R. O. (1984) Earth Planet. Sci. Lett. 69 225-242. 



LPSCXXV 


453 


A Galileo Multi-Instrument Spectral Analysis of 951 Gaspra 

SOeI' of Hawkii 1 ij£ mTSS, G eolo8y " d G “P h ™«. 

USA Azemiyaj &2?£ 

for Planetary Science, Cornell University, 10,“ NY W853) J ' Veverka < Labon “°')' 

^mfmy^SSt^S S^MerS 0 ^! t “"T 1 951 Gas P ra - * ™ "* 

evolutionary history of S-asteroids is somewhat nf a „„ G t aspra * S a S ' aster ® ld - The composition and 
asteroids known. Ordinary chondrites are the mn«t controversy. S-asteroids are the most common 
based telescopes obtaXiS^^^ ^ et f eo 1 ntes ^ « ^nd on the Earth. Earth 

like lodranites and mesosidStes OrdiS^^n Ai2T J 09 * 1 ° f ° h , Vine ' Pyroxene> and reddish NiFe much 
NiFe. Hence many Z£Tul£5S?Z one nf /h. f u Pnmanly C ° mposed of olivine - P^ene, and 
of undifferentiated ordinary chondrite tvoe matpri^l hp™ ° 0 ° W1 ? g views: ^ S “ as f eroid s may be composed 
and because S-asteroids and ordinary chondrites are meteorites and asteroids have common origins, 

may be differentiated stony iron type material because^asifem H^ mostabundant ofeach - (2) S-asteroids 
meteorites. ^ becauSe S * aster0lds ™*t spectrally similar to stony iron 

'SS^X^SSSmS<1i. images of 951 Gaspra 

mmeralogical composition and morphology sdmuieoiLlT* At |'p?n ,S 1,08811,16 to analyze 

characterized in this data set Figure t ™mLr»o “'mneously. At least two different spectral units are 

Gaspra". There JorZ^of SSliSS^S^ f 1F1 GaSpra " with ” 0Uvine Enriched 
Notice how the "Olivine Enriched Gasora" h a Tl? 688 symbo,s representing the data. 

Gaspra”. The "Olivine Lriched cS' al^ h^ 105 micron feature than "Typical 

feature. The spectra plotted in figure 1 are renrece 8Ig . niflcantly reduced 2 micron pyroxene absorption 
Enriched GasprJ and^e not averages The "OhS?? 6 from „ " Typical Gas P ra " and "Olivine 

Gaspra's craters. 8 S ' he ° hv,ne Ennched Gaspra coiresponds with some of 951 

olivine/orthopyroxoie abundances^^ehmimuy^esults indicate that the'b'^ determi " ing relative 

SSSSSsSS=iSSS«rS53eS 

Spectra of ordinary chonSSemeTeoriS w^e co„v^ 6xperime "‘ conducted, 

utilizing the Clouds et al.[l] band area techniaues The resnitf 51 ^ 1 ^ i re . s 1 olut,on and then measured 

spectra of 951 Gaspra hive arSderSXj U 3 heterogeneous composition. The 
which contain significantly higher abundances of olivine^h^ li ^ contains materials 

consistent with the stony iron meteorites (like Pallasites). f ° ondntes - These mc qualities 



454 


LPSCXXV 


A Galileo Multi-Instrument Spectral Analysis of 951 Gaspra: Granahan, J.C 
et al. 


Figure 1: 951 Gaspra SSI/NIMS Spectra 



Wavelength(Micrometers) 


Figure 2: 01ivine/(01ivine+Pyroxene) 



rnrinutis E. M.J. Gaffey, T.L. Jackowski, and K.L. Reed (1986) Calibrations of phase abundance, 
orfinS chondrites and implications for asteroid spectrophotometry. Icarus 90.107-116. 
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Ganymede and Callisto Spectral Data Cubes 

J. C. Granahan, K. Polk, and F. P. Fanale, Planetary Geosciences, SOEST, 
University of Hawaii, 2525 Correa Rd., Honolulu, HI 96822. 

Upon a successful orbital insertion of the Galileo spacecraft around Jupiter 
in December, 1995 there will be many spectral and imaging studies of the 
Galilean satellites. Unfortunately, due to the fact that this spacecraft is 
presently restricted by an approximately 40 bits per second downlink (about 
the same speed as a 2400 baud modem) and a finite onboard tape data 
storage many general observations of these moons will be restricted. 
Imaging instruments like the Solid State Imager (SSI) and the Near Infrared 
Mapping Spectrometer (NIMS) will be limited to making specific 
observations that have been previously unobtainable of specific targets. The 
purpose of this study is to utilize Voyager data sets to make a date set which 
can be integrated with Galileo data to provide supplementary spectral and 
spatial coverage of Callisto and Ganymede. 

The primary data product of this exercise is a set of ISIS image/spectral data 
cubes which in summation are equivalent to a multiple wavelength 
cylindrically projected data set of Callisto and Ganymede. An image/spectral 
data cube is a three dimensional array in which the X and Y coordinates 
represent spatial (image) information and the Z coordinates contain spectral 
data. These data cubes consist of the 5 Voyager band data (see table 1) at a 
scale of 0.5 degrees/pixel of both moons. ISIS (Integrated Software for 
Imaging Spectrometers) is the standard data analysis software environment 
for the Galileo NIMS team. ISIS data cubes can easily be translated into 
PICS (Planetary Image Cartography System) and into VICAR image file 
formats. Both VICAR and PICS imaging processing software are being 
utilized by the Galileo SSI team. Hence, this data can readily be utilized by 
the Galileo project for planning and research activities. Table 1 shows the 
overlapping wavelength coverage of the Voyager, SSI, and NIMS data sets. 

Table 1 

Yoyager_SSI_ NIMS 

0.35 0.41 0.69-5.21 

0.41 0.56 (with a maximum of 408 

0.48 0.67 different wavelengths) 

0.54 0.73 

0.59 0.89 

0.99 

All quantities are effective wavelength values in units of micrometers. 
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Two versions of these data sets have been prepared. One is the calibrated 
using Voyager radiance values. The second correct the Voyager values to 
ground based observations. 

What is the value of these data sets? Much analysis has already been 
conducted of the Voyager data color mosaics of Callisto and Ganymede ([1] 
for example). Aside from the Galileo orbiter observation sequence planning 
activities, it can be used to correlate a variety of data sets. Table 1 shows 
how the wavelength coverage of the Galileo SSI cameras complement the 
Voyager camera observations. These data sets can be used to create a more 
comprehensive visible wavelength spectral data set of the spatially resolved 
surfaces of Ganymede and Callisto than has previously existed. Photometric 
and Spectral trends found in the data restricted Galileo SSI images could 
also be modeled in regions and wavelengths only imaged by Voyager. 
Similarly trends observed in NIMS wavelengths and resolution found during 
its limited observation may be modeled in regions imaged by Voyager. A 
combination of the three data sets also may yield new insights into the 
surface composition via spectral analysis just as the combination SSI and 
NIMS data of 951 Gaspra demonstrated [2]. In addition to the compositional 
analysis suggested, the systematic software techniques used to construct 
these data cubes of Ganymede and Callisto can also be used to implement a 
variety of photometric corrective models to these moons to test a variety of 
photometric functions. 
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Early Fluvial Degradation in Terra Tyrrhena, Mars: Constraints from 
Styles of Crater Degradation on the Earth; John A. Grant and Peter H. Schultz, 
Brown University, Geological Sciences, Providence, R.I. 02912. 

Evolution of valley networks across much of Mars during the early history of the 
planet is widely recognized (e.g., 1-4), but whether their formation reflects 

incisement by precipitation-derived runoff or sapping by groundwater discharge 

remains debated (e.g., 4-5). Because the geomorphic thresholds controlling 

fundamental degradation processes on the Earth can be directly measured, use of 
common scale templates on the Earth and Mars allows resolution of first-order 

degradation signatures on Mars (6-7). Previous comparative studies of degraded 
craters emphasized the role of fine-grained unconformable deposits in Hesperian 
degradation on Mars (6,8): the present study considers contrasting styles preserved 
from Noachian times. Results indicate that fluvial degradation near the crater 
Millochau was driven by runoff derived from precipitation events of magnitudes at 

least equivalent to those producing runoff and incisement at Meteor Crater, Arizona. 

Broadly characterized as dissected cratered uplands (9,10), the Terra Tyrrhena 
region and crater Millochau (21.5°S, 274°W) are west of the Hesperia ridged plains 
and are characterized by a fairly high density of valley networks: drainage densities 
within a crater doublet just east of Millochau exceeds 1 km/km^ (measured at ~60 
m/pixel resolution) and is among the highest on the planet (3-4). Interpretation of 

crater densities (see 8) associated with the valleys places their formation in the 
Noachian shortly after formation of the Hellas Basin and concurrent with widespread 
evolution of valleys and concomitant crater destruction elsewhere on Mars (e.g., 
1,2,4,11,12). A later period of degradation also affected the region during the earliest 
Hesperian contemporary with ridged plains emplacement (10). This later activity is 
associated with a crudely layered and etched deposit whose remnants occur within 

and west of crater Millochau. The etched deposit buries some valley networks, is only 
exclusive of pristine craters, occurs over a range of relief, is not incised by intra¬ 
deposit valleys, and is morphologically similar to other contemporary deposits 

(6,8,13,14). Hence the deposit was likely created by deposition of a fine-grained air- 
fall deposit that was subsequently partially eroded during the early Hesperian. 

Clues to the relative importance of runoff versus sapping processes in formation 
of valley networks during early degradation in Terra Tyrrhena can be gained by 

making similar-scale comparisons of morphology between martian craters and 
degraded craters on the Earth (6, 7). Of the ~10 terrestrial craters in varying states of 
preservation that have been examined to date, drainage densities and overall styles 
preserved in the crater doublet east of Millochau are most comparable to the fluvial 
features evolved by surface runoff of precipitation around the relatively degraded 
Talemzane Crater, Algeria (6). Similarities between the martian and Talemzane 

drainages include: numerous valleys up to several hundreds of meters wide that 
incise crater walls and increase in density as wall slopes decrease; observed 

headward erosion of some valleys through the rim to behead exterior drainages and 

segment the raised-rim; variable, but relatively lower drainage densities outside the 
crater (only 0.0-0.4 km/km^ east of Millochau); exterior drainages best developed 
opposite locations where rim is least incised, otherwise poorly integrated valley 
segments common; variable wall slopes between 30° and 15° with drainage density 
inversely proportional to wall slope; possible coalesced alluvial fans flanking the 
base of the wall; and considerable crater fill. Based on these similarities, we conclude 
that fluvial degradation by runoff dominated Noachian valley formation: 

accordingly, wall backwasting in the crater doublet likely accounts for -10% 
widening of the crater (6). Erosional reduction of slopes well below the angle of 
repose along the martian crater walls coupled with headward erosion of drainages 
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through the rim could not be accomplished by either a fixed or migrating point 
source discharge of groundwater. Features associated with mass-wasting and eolian 
activity (6,7,15) are absent from these martian craters. 

The requirement that early valley network formation in Terra Tyrrhena was the 
result of surface runoff rather than groundwater sapping leads to important 
constraints on the climate that must have existed during early Noachian time on 
Mars. Whether warm or cold by terrestrial standards, there must have been an active 
hydrologic cycle capable of producing appreciable precipitation on a repeated basis. 
Because much of the area east of Millochau is likely underlain by a thick mega- 
regolith, analogy with Meteor Crater implies infiltration capacities should be 
moderate to high, especially on ejecta surrounding the craters (7). Hence, in order to 
produce runoff, liquid precipitation events must have occasionally exceeded the one 
year 24 hour event (~3 cm, 12) that presently fails to produce significant runoff on 
the ejecta at Meteor Crater (16). If the martian valleys were formed as the result of 
rapid melting (e.g., 24 hours) of frozen precipitation, individual precipitation events 
may have been of lesser magnitude, but must have accumulated until the water 
content exceeded the one year 24 hour event (to a depth of at least 30 cm assuming a 
density of 0.10 gm/cm 3 for snow) before rapid melting could produce appreciable 
runoff and incisement. Moreover, the incipient nature of drainage incisement at 
Meteor Crater (6, 7) indicates that such low magnitude events can only result in 
significant incisement only if recurrent over short timescales (e.g., annually) for 

periods of at least 10 4 -10 5 years. Incisement of the martian valleys could occur more 
rapidly or much more slowly. Nevertheless, significant and repeated accumulation of 
precipitation is required to create the necessary runoff. 

Similar scale comparisons between ancient degraded craters in Terra Tyrrhena 
and craters on the Earth indicate that local formation of valley networks on Mars 
reflects incisement by surface runoff rather than by discharge of groundwater. 
Although most of these martian valleys formed during Noachian degradation, they 
were likely buried during deposition of air-fall deposits in Hesperian times and 
subsequently exhumed. In many other areas on Mars (e.g. southern Ismenius Lacus, 
6) this later eolian degradation effectively masked/destroyed any signatures of 

earlier degradation by alternative processes. Local survival of small scale fluvial 
features east of Millochau demonstrates the minimal net erosion occurring in some 
locales. Survival of these valley networks demonstrates that windows onto the record 
of earlier activity exist and comparisons between the preserved morphology viewed 
through these windows and that observed on the Earth can be used to constrain past 
degradation processes and climate on Mars. 
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Erosion of Ejecta at Meteor Crater, Arizona: Further Constraints from 
Ground Penetrating Radar; John A. Grant and Peter H. Schultz, Brown 
University, Geological Sciences, Providence, R.I. 02912. 

Ground penetrating radar (GPR) is an effective, non-intrusive, and easily 
deployed tool for defining the shallow stratigraphy around a variety of landforms (1- 
3). At Meteor Crater, Arizona (35°1'30”N; 111°1'15"W), GPR can be used to measure the 
accumulation of erosional products and place limits on the relative planation of 
exposed and adjacent buried ejecta surfaces. Such information constrains the 
preservation state of the ejecta deposits surrounding the crater and helps to 
distinguish between morphology related to primary emplacement and subsequent 
erosion. Previous GPR studies at the crater using a variety of transducer frequencies 
provided penetration depths of several meters around (4-6) and tens of meters inside 
the crater (7). The present study used a continuously profiling GPR with a 500 Mhz 
transducer along transects through alluvial and in situ ejecta deposits outside the 
crater. Results demonstrate that the ejecta deposit remains relatively undissected and 
largely preserved, thereby supporting recent estimates of low erosion at the crater 
( 8 ). 

Data were collected and processed using a fully digital SIR-lOa subsurface 
profiling radar and RADAN III software. Transects were completed through alluvial 
and ejecta deposits on the west, southwest, south, southeast, and northeast sides of the 
crater at ranges between 0.4-3.OR (0.25-1.8 km). Intentional variations in strike 
along transects yielded continuous data collection over distances of nearly 3 km. 
Sample pits and discrete reflectors at known depth established groundtruth for the 
radar transects including dielectric constants and corresponding radar pulse travel 
times. For ejecta dominated by fragments of the Permian Kaibab Formation, the 
dielectric constant is fairly uniform around the crater (ranging between 4.0-5.3). 
Corresponding one-way pulse travel times are 13.0-14.5 cm/ns. Dielectric constants 
in alluvium derived from the ejecta are slightly higher at 7.3 and 10 for deposits 
containing significant Kaibab and Coconino ejecta debris, respectively. The one-way 
pulse travel time in Kaibab alluvium is 11 cm/ns, whereas a travel time of 9 cm/ns 
characterizes the Coconino alluvium. Such values are typical of dry blocky and 
sandy/sihy materials (9). 

GPR profiles through alluvium delineate stratigraphic relationships between the 
deposits and the surrounding in situ ejecta to depths of 1-3 m. Interpretation of these 
data indicate that buried ejecta surfaces are largely unincised by drainages. 
Consequently, deposition of the alluvium was not preceded by significant fluvial 

dissection of the ejecta. This conclusion is consistent with gradients of ejecta surfaces 
that can be traced continuously beneath the alluvium, thereby indicating minimal 

vertical denudation following alluvial deposition. Where not impeded by calcic soil 
development and/or high soil moisture, the GPR confirms the generally superficial 
nature of the alluvium and can generally distinguish deposits mapped as being 
Holocene versus Pleistocene in age (10). Transects crossing small alluvial fans on the 
southwest crater flank (~0.4-0.55R) indicate that the alluvium is less than 2 meters 
thick. Sediments comprising these deposits reflect relatively minor erosion of up 
gradient Coconino ejecta exposures. Not only do alluvial grains derived from erosion 
and transport of the Coconino ejecta decrease rapidly down the drainage, but the 

preserved volume represents a significant fraction of the entire inventory of 
fluvially transported Coconino ejecta. 

GPR data collected at greater range west and south of the crater delineates the 
distal margin of the continuous ejecta at a range beyond that defined by surficial 

surveys. When confirmed by excavation, these data reveal that continuous ejecta 
remain preserved beneath a relatively thin veneer of colluvium (-20-40 cm thick) at 
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ranges exceeding 2.0R. Local ejecta sections are in excess of 1.5 m in thickness at this 
range and varies due to emplacement over pre-impact relief on the in situ bedrock 
(Fig. 1). Transects completed across low sub-radial ridges (up to 5 m relief) on the 
ejecta west of the crater delineates cores of in situ bedrock (Fig. 1). As such, the 
ridges reflect ejecta emplacement over the existing topography on the pre-impact 
surface and are not the result of erosion-derived debris flow deposits were shed off 

the crater rim. Total ejecta thickness decreases by less than a meter across the ridge 
crests (likely resulting from the combined effects of emplacement over the ridge and 
subsequent erosion; Fig. 1), but continues to completely drape their outline. 
Moreover, there is no evidence for fluvial incisement or locations where the ejecta is 

locally breached by deflation or colluviation. 

All of these observations indicate that there has been minimal erosion of the 
majority of the ejecta beyond the steep near-rim of the crater (ranges greater than 

O. 25-0.5R from the rim). Recent estimates place average vertical denudation on the 

distal ejecta at less than 1 meter (8). GPR data yield results that not only support this 
estimate, but demonstrate that much of the ejecta surrounding the crater retains a 

pristine form. Hence, the ejecta deposits around Meteor Crater should preserve key 
information regarding the subtleties of ejecta emplacement processes, as well as 
signatures of incipient degradation by fluvial and eolian processes. 

References: (1) Ulriksen, C.P.F., 1982, Application of Impulse Radar to Civil Engineering, 
Ph.D dissertation, Lund University of Technology, Sweden. (2) Hanninen, P. and Autio, S., 1992, 
Fourth International Conference on Ground Penetrating Radar, Geological Society of Finland, 
Special Paper 16, 365p. (3) Brooks, M.J., Taylor, B.E., Grant, J.A., and Gaiser, E„ 1993, Annual 
Report of the DOE Savannah River Site Archeology Division, Savannah River Site, S.C., Savannah 
River Archeological Research Program, New Ellenton, S.C., p. 27-37. (4) Grant, J.A. and Schultz, 

P. H., 1991, 481-482, in Lunar and Planet. Science XXII (abstract). Lunar and Planetary Institute, 
Houston, Texas. (5) Grant, J.A. and Schultz, P.H., 1992, 5-7 in MSATT LPI Tech. Rept. 92-07, 
Lunar and Planetary Institute, Houston, Texas. (6) Grant, J.A. and Schultz, P.H., 1993, GPR 94, 
Fifth International Conference on Ground Penetrating Radar (in press). (7) Pilon, J.A., Grieve, 
R.A.F., and Sharpton, V.L., 1991, J. Geophys. Res., 96, 15,563. (8) Grant, J.A. and Schultz, P.H., 
1993, J. Geophys. Res, 98, 15,033. (9) Fenner, T.J. and Smith, S.S., III, 1988, Hazardous Waste 
Investigations Utilizing Subsurface Interface Radar, Geophysical Survey Systems, North Salem, 
NH. (10) Shoemaker, E.M. and Kieffer, S.E. 1974, Guidebook to the Geology of Meteor Crater, 
Arizona: Arizona State University Center for Meteorite Studies Publication 17, Tempe, AZ,, 66p. 

Figure 1 Portion of GPR transect and 
interpretation from north to south on 
Chavez Pass Road at just over 1R from the 
crater rim. Transect crosses low (<5 m 
relief) ridge that is sub-radial to the 
crater and trends ENE-WSW. GPR data 
combined with groundtruth demonstrates 
that this ridge reflects buried relief on 
the pre-impact Moenkopi surface. Ejecta 
thins over the crest of the ridge but has 
not been breached by erosion. Because 
the radar defines the changing depth to 
reflectors, the surface is defined as 
horizontal and does not reflect actual 
topography. Colluvial thicknesses vary 
little between exposed highs and swales 
and demonstrates minimal lateral 
transport of debris. 
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SOLAR UV PHOTON INTERACTION WITH THE SURFACE OF MARS 

R. Grard; Space Science Department of ESA/ESTEC, P.O. Box 299, 2200 AG Noordwijk, 
The Netherlands 

A fraction of the solar photons with energies of up to 6 eV penetrate the Martian atmosphere 
and interact with the planetary surface. Photoelectrons are emitted with a mean kinetic energy 
of 0.4 eV and the current flux, averaged over one sol, is of the order of 20-140 nA per square meter 
at a latitude of 50 degrees North. Hiese electrons are collisionally bound to the atmosphere and 
their dynamics is controlled by convection; they must all return to the surface in order to balance 
the flux of outgoing particles. Photoemission increases the atmospheric conductivity during the 
day; it may also play a significant role in the oxidation of the surface material. 

INTRODUCTION. The solar photons which reach the surface of Mars have energies which are 
too small to ionize any gaseous constituents but their energy spectrum extends beyond the work 
function, W f , of most solid materials; photoelectrons are therefore emitted from the surface. The 
solar flux, S, that reaches the planetary surface has been calculated by Kuhn and Atreya [1], for 
selected latitude, season and atmospheric model. Radiation with energy below 4.3 eV is hardly 
attenuated but carbon dioxide prevents photons with energies above W e ~6 eV from reaching the 
surface. 

PHOTOELECTRON EMISSION AND DYNAMICS. Photoemission has been studied in the 
laboratory and the electron yield per incident photon, Y, has been measured as a function of photon 
energy, W, for various types of targets [2,3]. The differential flux with respect to photon energy 
is equal to the product of the solar flux and material yield: 

H (W) = 5 (W) Y (Mfl; (1) 

the saturation flux, is given by 

l,= fH(W)dW. (2) 

We make the following assumptions: (1) the flux and density of the outgoing particles are 
identical to those of the returning particles; (2) the energy distribution of the emitted electron flux 
for a fixed incident photon energy is constant from 0 to the maximum permissible energy, W-W f 
and (3) the irradiated surfaces are planar, horizontal and located at a latitude of 50°N, 
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The figures recapitulated in the above table are averages of experimental results obtained for 
9 different materials. It is not claimed that these materials are representative of the Martian 
surface, but it is expected that these results are indicative of the numbers which can be 
encountered in a practical situation. The incident solar flux is averaged over 1 sol. The first and 
second numbers correspond to spring and winter respectively. The mean kinetic energy is 
practically independent of the season and nearly the same for all materials. The electron flux 
emitted from the surface (Eq. 2) and the electron current density are much more sensitive to the 
nature of the surface and, of course, to the level of illumination. The electron volume density near 
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the emitting surface and the shielding parameter are also listed. 

The photoelectron dynamics in a relatively dense gas is controlled by collisions, attachment 
processes, electrostatic forces, recombination and convection. It is estimated that the atmospheric 
motion plays a significant role, probably the most significant one, in the dynamics of the 
photoelectrons. 

RELATED PHENOMENA Solar photons extract electrons which leave a positively charged 
surface. Most photoelectrons reach an altitude which depends upon atmospheric convection and 
are subsequently collected by the surface. A small flux of photoelectrons recombines with positive 
ions or attach to neutral molecules and aerosols and returns to the ground under the form of 
negative ions and negatively charged aerosols. A possible net flux of atmospheric charged particles, 
resulting from the ionization of neutral molecules by cosmic rays, for example, is balanced by an 
equivalent flux of photoelectrons which escape into the atmosphere. On average, the flux of 
escaping photoelectrons equals the net flux of charged particles returning to the surface. The 
positive charges carried by the surface develop an upward electric field which has a polarity 
opposite to that of the fair weather field observed on Earth. The average magnitudes of the electric 
field and potential at the surface may vary with latitude and are functions of the rate at which the 
photoelectrons are removed and of the altitude at which they are carried by atmospheric 
convection. The atmospheric electrical conductivity in the vicinity of the surface is of the order of 
10 « U/m, which is at least 3 orders of magnitude larger than that found at the Earth surface, and 
has consequences for atmospheric electricity. 

It is also proposed that solar photons play a significant role in oxidation-reduction reactions at 
the Martian surface by electron transfer. Photoelectrons are extracted preferentially from atoms 
with small electronegativities, such as iron, and are returned to the surface, where they are 
collected by surface compounds and possible adsorbed atmospheric atoms or molecules, such as 
oxygen, or radicals, such as OH, which have a much larger affinity for them. The negative ions 
subsequently desorb or migrate on the surface and then recombine with the positive ions, leading 
to the progressive production of a continuous layer of oxidized material. 

In order to quantify the possible geological significance of this process, we shall now bring in 
three academic and somewhat extreme assumptions: (1) the oxidized surface is eroded as fast as 
it is produced, (2) this mechanism has been going on, unaltered, ever since the birth of the planet 
and (3) the oxi dizi ng agents consist mostly of atmospheric constituents. These hypotheses entail 
the following consequences: (1) the accumulation of an oxidized regolith layer with a thickness of 
the order of 1 m over an area commensurate with that of the planetary surface and (2) the 
adsorption and chemical combination of a quantity of gaseous atoms or molecules, such as oxygen, 
comparable in number with the over-all volatile content of the present Martian atmosphere. 

CONCLUSION. The significance of photoemission and its practical consequences for 
atmospheric electricity, surface chemistry and, possibly, dust electrostatic charging and dynamics 
are sufficiently important to justify the accommodation on a lander of a set of instruments entirely 
dedicated to the investigation of these phenomena. In-situ observations of the solar UV spectrum 
must be combined with the simultaneous measurements of photoemitted currents, conductivities 
of ground and atmosphere, quasi-static electric fields and electromagnetic activity. The direct 
detection of oxidation processes can be attempted by monitoring the evolution of the optical 
properties of selected sample surfaces. Still, this effect, which is nearly instantaneous on a 
geological time scale, is too slow to give rise to any noticeable modification during the life-time of 
the instrument; it might furthermore not be easily singled out from other surface phenomena such 
as erosion, adsorption and aerosol collection. This process must preferably be first studied in the 
laboratory, under accelerated conditions and in a controllable environment. 

REFERENCES. [1] Kuhn , WR. and Atreya S.K. (1979), J. Mol. Evol., 14, 57. [2] Feuerbacher 
B. et al. (1972), Geochim. Cosmochim. Acta, Suppl. 3, 2655. [3] Feuerbacher B. and Fitton B. (1972), 
J. Appl Phys., 43, 1563. 
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THE CARSON QUADRANGLE, VENUS; R. Greeley, K. Bender, Arizona State 
University, Tempe, AZ, 85287, D. Senske, Jet Propulsion Laboratory, California Institute of 
Technology, Pasadena, CA 91109, J. Guest, University of London Observatory, London, 
NW7 4SD. 

Over 75% of the surface of Venus is dominated by plains and lowlands at or near the mean 
planetary radius [1], These regions are composed of lava deposits interpreted to be mainly basaltic 
[2] and contain a wide variety of volcanic features [3,4]. Understanding the mechanisms of plains 
formation is important for understanding the geologic evolution of the Venusian surface. To 
assess the modes of volcanism and to constrain local and regional stratigraphic relationships, the 
Carson Quadrangle (Fig. 1) is currently being mapped in detail. 

Units are defined based on their texture, homogeneity, and presence of features such as 
fractures, small shields etc.. In many cases unit contacts are distinct and well defined by cross¬ 
cutting and superposition relationships. Additional factors used to characterize units are their radar 
properties, including rms slope, reflectivity, emissivity, and relationships to topography. The 
Magellan radar viewing geometry is important for interpreting the characteristics of surface units. 
Radar incidence angles for the Carson Quad range from 46° at the equator to 35.5° at 25° S latitude. 
Consequently, the returned signal is strongly modulated by surface roughness on the scale of a few 
tens of centimeters; units defined as “radar-bright” are generally rough while “radar-dark” units are 
smooth. Results from examining the radar scattering properties of Carson units are presented 
elsewhere [5]. 

From preliminary mapping eleven major units have been identified, the most recent of which 
correspond to isolated volcanic centers, shield fields, and material associated with impact craters. 
Volcanic constructs >100 km across and ~1.0 km high consist of radar-bright material, radar-dark 
material and associated digitate lava flows that are superposed on the surrounding plains. 
Concentrations of smaller (~2 km diameter and greater) volcanic centers cluster in shield Fields. 
These features and their associated deposits form locally radar-mottled surfaces whose boundaries 
with adjacent units range from distinct to diffuse. Other recent localized volcanic deposits, lava 
flow fields are made up of digitate, radar-bright and -dark deposits, some of which are associated 
with faults and fractures. Reticulate plains contain numerous sinuous ridges and have a moderate, 
homogeneous radar backscatter and few identifiable lava flow lobes. A major ridge belt cuts the 
reticulate plains as a deformation zone rising to an elevation >300m and composed of ridges spaced 
10s of km apart. South of Heng-o, the reticulate plains embay a region of lineated plains; a unit 
with a homogeneous radar backscatter that contains abundant fractures which in some places form 
a gridded pattern. Closely related to this unit and located on a broad topographic rise to the west of 
Alpha Regio is a fracture belt. This deformational zone is 10s to 100s of km wide and is made up 
of linear, parallel fractures spaced from several to 10s of km. The most abundant plains are 
undivided, a large, homogeneous unit lacking ridges or lineations. The oldest unit, complex ridged 
terrain at Alpha Regio, contains ridges and fractures with multiple directions of deformation. 
Alpha Regio is rough at the 12.6 cm radar wavelength, and is extensively embayed by adjacent 
plains units. Two types of impact related units are mapped. Crater material form radar-bright, often 
lobate deposits extending .25 to 1 crater radii from the edge of inferred impact craters; in some 
places, the distal parts of the deposits appear to form flows. Diffuse deposits are localized, annular 
regions of bright or dark material that is typically centered on impact craters (in some places no 
crater is present and they form "splotches" [6]). 

Stratigraphic relationships among units in the Carson Quad show that the most recent volcanic 
activity is associated with isolated volcanic edifices, lava flow fields, and shield fields. Earlier 
episodes of volcanism resulted in the emplacement of regional plains units, some of which are 
highly fractured. The earliest activity corresponds to the formation of complex ridge terrain in 
Alpha Regio. 
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References. [1] Ford, P. G. and G. H. Pettengill (1992) JGR., 97, 13103. [2] Florensky, C. 
P., et al. (1977) GSA Bull, 88, 1537. [3] Guest, J. E., et al. (1992) JGR, 97, 15949. [4] Head, 
J. W„ et al.(1992) JGR, 97, 13153. [5] D. A. Senske, et al.(1993) LPSC Abst. this issue. [6] 
Schaber, G.G., et al. (1992) JGR, 97, 13,257. 


Fig. 1 General geologic sketch map of the Carson Quad. 
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U C S° OT 8 ERODE? PRELIMINARY ASSESSMENT; R Greelev 

8H87 *1404 S t’f' r ade t Wlllia ™ s ’ D ? pt °l Geology, Arizona State University, Tempe, AZ 
85287-1404 , J.E. Guest, University of London Observatory, London NW74SD, England 

Summary, In the last decade or more, numerous studies have invoked erosion by flowing 

de V nol e n?MTQ Vari0 f US featu f es on Earth and other P la "<*>- F <* example, eVonomic 

deposits of NiS ore found m komatnte lavas were attributed to erosion of pre-flow, sulfur-rich 

sediment and assimilation into the high temperature, turbulently flowing lavas during emplacement 
hi Planet ^ry context calculations were made to suggest that thermal meltinf of lunar crust 

, y , ^ avas coud acco ^ nt [ or sinuous rilles [2,3]; similarly, thermal erosion was used to explain 
the large sizes of lunar nlles by considering possible rates of effusion and vent geometry [4 5 61. 
More recently, the discovery of long (>5000 km) channels on Venus that are inferred to be of 
volcanic ongm has prompted consideration of thermal erosion by a variety of eruptive materials [7 
8, 9], However, despite the frequent reference to erosion by lava flows in these models little 
tov^ n and S i ClteC ! l t at fl ° W c S ac I ! ua , Uy do erode - 0ur analysis of "sheet flows" (komatiites and flood 

ifSSSX'SSf ws some localerosio "' but ,hus far in ,he s,udy - such erosion 

9 ur f° al is t0 collect field evidence for erosion by lava and where evidence is found: fll 
determine the extent of the erosion, [2] assess the conditions favorable for erosion, and [3] use the 
results to constrain analytical models of lava erosion. Moreover, we hope to be able to distinguish 
thermal from mechanical erosion and to assess their relative importance. Two general environments 

Sd S flows ’ er ° S10n 8 the ° f SheCt fl ° WS and er ° S '° n associated ” ith channeS and 

Sheet flows 

m ° St ii\ ely u Candlda l es i 0r . erosion by sheet flows m lavas that were erupted at high 
temperatures and high rates of effusion, such as flood basalts and komatiite flows. In order to 

assess possible erosion, several kilometers of the lower contacts of flood basalt flows in the 
Columbia River Plateau were examined for evidence of downcutting into the underlying rocks and 
incorporation of pre-flow materials into the lavas. Except for an exposure near Soap Lake 

( , a ™ ing |?"’ wb ?J e minor am ? unts ( a f ew tens °f cm) of pre-flow material were incorporated into 
the flow, little evidence of erosion could be found. F 

. , Komatilte lavas are ultramafic flows erupted primarily during the Archean and are considered 
Winfat" P r odu ced very high temperature, perhaps turbulently flowing masses [10], Although most 
wpr/iv!?n? 0V H S f are severe y alte , red ’ localities in Canada and Australia include flow contacts that 
™™. C Q examined for erosion. Evidence of possible erosion includes: truncation of horizontal rock 
units by channelized komatnte flows in the Abitibi belt, Ontario [11], and small amounts of 

flSfa Vnm bS t"t at 1 fra S m f nts a ” d geochemical anomalies suggestive of assimilation of substrate by 
flowing komatiite lava m the Yilgam Craton, Western Australia [12,13], y 

Tube-fed flows 

u/ith t0 t S |~ et n flows ’ more definitive evidence for erosion by lava is found in association 

fla^k b S Mo,,n7^t U H^° WS ‘ u SeV£ral ? egmentS 0fdie u Ape Cave lava tube system on the southern 
a k ot Mount St. Helens show undercutting of the pre-flow terrain by the lava tube [141 

Evidence is found for both mechanical erosion (evidenced by inclusions of pre-flow country rock 

incorporated into the flow) and a single occurrence of thermal erosion (a partly melted block of 

dacite) In general sites of erosion occur in segments of the lava tube that have steeper flow 

gradients than elsewhere. Other localities of erosion by lava tube flows include northern California 

and possibilities in Hawaii, Idaho, and Iceland. In addition, at least two active flows in Hawaii 

suggest erosion through tubes, the Mauna Ulu flows in the early 1970s [15] and the current activity 
in Kalapana on the East Rift zone of Kilauea [16]. acuvuy 

, . Preliminary conclusions suggest that erosion by sheet flows is very limited. Erosion by tube- 
fed flows appears to occur under some circumstances, but at this time the extent of erosion is not 
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known Ongoing work involves correlation of sites of erosion with local geoiogical setting. 
Results from this® study will be combined with the development of analytical models [17] and 

physical models [18]. 

REFEREN CES i 

ril Naldrett AJ (1981) Econ. Geol. 75th Anniversary Volume, 628-685. [2] Hulme (1973), 

644^ [^Komatsu ^m^Jcarus, 102^5. R. ofJcy 

0993W ^Geophys Res., 98 10,873-10,882. [10] Arndt, N.T and E.G. Nisbet (1982) ^^ 1 ^ 

Barnes, S.J. et al. J- te h*„X y , * » J u iisn i «q i^n? ri si Tilling R et al. 

[17] Williams and Greeley (this issue). [18] Challis et al. (this issue). 
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DUST ON MARS: NEW VALUES FOR WIND THRESHOLD; R. Greeley, Dept, of 
Geology, Arizona State University, Tempe, AZ 85287-1404, M. Lacchia, B. White, Univ. of Calif, 
at Davis, Davis, CA 95616, R. Leach, D. Trilling, J. Pollack, NASA-Ames, Moffett Field, CA 94035 

Summary. Dust storms on Mars have long been observed from Earth and spacecraft (1), 
and there has been much speculation on the requirements for entraining dust into suspension. 
Analytical models (2) and wind tunnel simulations (3) suggested that extremely high wind speeds 
are required to raise fine (<10 pm) particles into the low-density martian atmosphere. Because the 
Viking landers measured winds that were typically lower than threshold speeds for very fine 
grained material, many investigators invoked ad hoc mechanisms for raising dust on Mars, as 
recently reviewed (1,4). We have completed preliminary experiments which show that martian dust 
could be raised by wind friction velocities as low as 1.3 m/sec and explain why the previous 
estimates involve higher velocities. 

Background 

Previous aeolian threshold curves for Mars (Fig. 1) show that the size particle moved by 
lowest winds is about 100 pm in diameter, with larger and smaller particles requiring stronger wind 
friction velocities (u*). Martian atmospheric dust is considered to be <few pm in diameter (5). 
Particles this small are very difficult to handle, and few threshold experiments have been conducted 
for dust even for Earth conditions, let alone Mars. Previous threshold curves for this size particle 
were extrapolated from larger sizes on the assumption that threshold wind speeds would increase 
with decreasing particle size. Such a relationship is clearly indicated, at least for particles as small 
as ~15 pm. The difficulty in moving small particles is attributed to the increasing effects of inter¬ 
particle forces, such as cohesion, and aerodynamic effects (6). However, previous threshold curves 
were generated for particles entrained in saltation, rather than suspension, which is the principal 
mode for dust entrainment. Consequently, it may not be entirely appropriate to extrapolate 
threshold curves from large particles to those of a few pm in diameter and smaller. 

Experiments 

For the first time, experiments reported here involved 1 pm-size dust and martian atmospheric 
densities. Prior to running the experiments,suitable test materials were required, a technique for 
emplacing the material in the wind tunnel without introducing artifacts needed to be developed, and 
a method for detecting threshold was needed. Several lines of evidence suggest that martian dust is 
derived from the weathering of basaltic parent material, with nontronite clay being a good candidate 
composition. Consequently, we sought test materials that would have the physical properties of 
both nontronite and natural windblown dust of -few pm size. Commercial potters clay (CRC) 
(particles = 1 to 2 pm diameter) met those requirements and was used in the experiments. SEM 
analyses showed that this clay has the same shape characteristics as both nontronite and natural 
windblown dust. After testing several methods for emplacing CRC in the Mars Surface Wind 
Tunnel (7), we found that the clay could be emplaced as an air-entrained cloud over the test bed. 
Experiments were then run at 10 mb pressure and ambient temperature, which produced the same 
fluid density as C0 2 on Mars at 6.5 mb pressure. Two test beds were used, one on which 250 mm 
sand grains were glued and the second on which pebbles -1 cm in diameter (spaced -1.5 cm apart) 
were glued. About 0.2 cm of clay was emplaced on each bed type. 

Figure 1 shows threshold data points for various particles, along with the conventional 
saltation threshold curve. Also shown are results for CRC ("Mars dust"). All of the data points 
except the clay represent sustained saltation movement. Individual particles <10 mm typically do 
not saltate (8), but pass into suspension. In our low pressure experiments, sustained suspension 
threshold at a steady wind speed was not achieved and values shown in Figure 1 for dust 
correspond to initial, but sporadic, movement. It is important to note that particles of this size 
behave differently than larger grains. Dust movement on the "sanded" floor involved small (~mm) 
clumps of dust ("dust balls") which begin to roll along the surface. Rarely did these go into 
suspension but, more commonly, they rolled to the end of the test bed where they accumulated. 
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Dust movement on the pebble floor was markedly different Suspension threshold occurred for the 
particles that covered the tops of the pebbles; however, the friction velocity (u+) at which this 
movement occurred was not consistent from one experiment to the next. Dust balls also formed in 
the pebble floor experiments; some dust balls developed on the tops of the pebbles then rolled or 
slid down the lee side of the pebbles where they accumulated. Other dust balls formed between the 
pebbles where they moved short (-few cm) distances until they reached a stable position. 

These experiments pose several implications for Mars. Even though sustained threshold was 
not achieved, experiments show that micron-sized particles in a layer -0.2 cm thick on top of small 
pebbles were removed by friction velocities of -1.3 m/sec. Although precise translations of friction 
velocity to measurements of windspeed made by the Viking Lander anemometers is difficult, this 
value is well within the range of the higher recorded wind speeds on Mars. Particularly significant 
are the differences in the tests on the smooth and the rough test beds. The implication for Mars is 
that dust raising would occur in areas that are somewhat rocky; dust settled on the tops of the rocks 
would be removed; dust settled between the rocks would be trapped and accumulate until the rocks 
were buried or until some equilibrium surface roughnesses were achieved. As long as the tops of 
rocks remained exposed, this would provide elevated platforms for dust accumulation and removal, 
as in the experiments. Conversely, dust that settled on relatively smooth surfaces on Mars would 
require substantially higher wind speeds for entrainment; for example, the maximum MARSWIT 
speed is 160 m/sec and dust thresholds on the smooth floors were not achieved. 


REFERENCES: [1] Kahn, R.A, et al. (1992), in Mars, Univ. Ariz. Press, 1017-1053. [2] Iversen J D and 
B R. White (1982), Sedimentology, 29, 111-119. [3] Greeley, R. et al. (1980), Geophys. Res. Lttr 7, 121-124. [4] 
Greeley R et al. (1992), in Mars, Univ. Ariz. Press, 730-766. [5] Pollack, J.B. et al. (1977), J. Geophys. Res., 82, 
4479-4496. [6] Iversen, J.D. et al. (1976), Icarus, 29, 381-393. [7] Greeley, R. et al. (1981), in Geol. Soc. Amer. 
Sp Paper 186, 101-121. [8] Pye, K. (1987), Aeolian dust and dust deposits. Academic Press, London. 
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Figure 1 Threshold friction velocities (m/s) versus particle diameter from experiments run in the Mars Surface 
Wind Tunnel at 10 mb pressure. SOLID line shows "conventional" curve extrapolated to Mars dust sizes (-few 
tun); also shown are new experiment results using clay particles 1-2 pm in diameter. Although there is a wide 
range of threshold velocities, the lowest velocities (-1.3 m/s) correspond to dust removal from the tops of pebbles. 
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MORPHOLOGY AND GEOLOGY OF ASTEROID IDA: PRELIMINARY GALILEO 
IMAGING OBSERVATIONS; R. Greeley, R. Sullivan, R. Pappalardo, Dept, of Geology, Arizona State 
University, Tempe, AZ 85287-1404, J. Head, Brown University, J. Veverka,, P. Thomas, P. Lee, Cornell 
University, M. Belton, National Optical Astronomical Observatory, C. Chapman, Planetary Science 
Institute 

Summary. The Galileo spacecraft flew by asteroid 243 Ida on 28 August 1993 [1]. Five of the highest 
resolution (31-38 m/pixel) Solid State Imaging clear filter frames of Ida were returned for preliminary analysis (Fig. 
la); the remainder will be returned in 1994. Ida is classified as an S-type asteroid, inferred to be of pyroxene and 
olivine composition, and measures ~55 km in its longest dimension. At least seven categories of morphological 
features are mapped on Ida (Fig. lb) which provide clues to the properties and geological evolution of the surface. 

We have confidently identified 16 isolated positive relief features Crocks”), none larger than 150 m in longest 
dimension. They are more concentrated in the upper part of the image mosaic, but it should be noted that their 
detection is strongly influenced by local slope and illumination. The four most prominent features are located within 
the rim of a large, partially illuminated impact crater in the upper part of the mosaic. Resolution is generally 
inadequate to determine confidently whether a given feature is "perched" on the surface or partly buried. These 
features may be blocks of impact ejecta. Less likely, they may be remnants of resistant "bedrock" (implying local 
heterogeneity of material strength) or fragments of impactor (implying very low energy impacts). 

At least three shallow concavities (informally termed “chutes") are recognized on a steep slope near the top of 
the mosaic. The chutes are oriented with their long axes roughly parallel to local slope, and each ends downslope in 
a sub-circular crater. The largest chute is 1 km long and 400 m wide. Chutes could be scars produced by mass 
wasting of weakly cohesive material, possibly triggered by an impact. This interpretation suggests the presence of a 
regolith mantle, at least in the location where chutes occur. Alternatively, these features may represent extremely 
low-angle impacts, although their non-random distribution argues against this idea. 

Lineations are recognized on the basis of albedo ("stripes") and topography ("grooves"). Stripes are 50 to 100 
m wide, and 400 m to 2.5 km in length. Grooves are resolved as linear depressions of uniform width that in some 
places have subtle indications of raised and/or crenulated edges. Grooves are less than 100 m wide, and 400 m to 4 
km in length. Some grooves and stripes cross craters, although they rarely intersect each other or bifurcate. Stripes 
are generally brighter than surrounding terrain, are more apparent in areas viewed at locally high sun, and are 
commonly oriented locally downslope; some “stripes” illuminated by high sun may be grooves. Grooves and stripes 
may have diverse origins. One group of bright stripes within a large bowl-shaped depression in the top third of the 
mosaic could represent tracks of mass-wasted debis; alternatively, they could be rays of ejecta from an impact crater 
which may be hidden from view. One groove terminates downslope adjacent to a "rock," and the groove might 
represent the track of this feature. Grooves could be fractures or joints resulting from stresses from large impacts, 
although a source crater(s) cannot be determined from the present mosaic. 

Dark-floored craters, distinguished by low albedo floors, are seen in areas illuminated by high sun; most dark- 
floor craters occur in a cluster (lower left of the mosaic). Typically, dark material constitutes most of the crater 
interior. In a few cases, dark-floor material is surrounded by a halo of bright material lying at or just within the 
crater rim. Dark-floored craters could represent impacts through a thin, weak regolith to expose underlying low 
albedo material. Identification of this feature class is tentative, as their appearance could be an artifact of local 
illumination. 

Three albedo features are tentatively identified; additional views of Ida available in Spring 1994 will show 
some of these features under different illumination and viewing geometries, allowing a more confident evaluation. 
(1) A triangular bright feature 2.5 km by 500 m wide is recognized in the top left of the mosaic; it is bounded on one 
side by the base of a local slope and on the other by a groove. The origin of this feature is unknown but it may 
represent mass wasting of debris from the adjacent slope. (2) A triangular dark patch nearly 2 km by 500 m wide is 
located near the terminator in the middle of the mosaic. A 200 m crater is located at the apex. The feature suggests 
either a thin, dark mantling deposit, possibly derived from the small crater at the apex, or a laterally extensive 
underlying darker material locally swept clear of a thin layer of brighter material, or an extensive exposure of 
anomalously dark material (no horizontal layering/mantling implied). (3) An irregular dark patch 200 m by 500 m is 
located among the cluster of dark-floored craters in the lower left of the mosaic (Fig. lb). This feature may be a 
cluster of small dark-floored craters that do not display rim topography. 

Craters are generally bowl-shaped, but some have flat floors; others appear to have small central mounds, and 
some have straight rim segments. There is a continuous range of degradation states. Craters lack distinct ejecta 
blankets, although deposits may be too thin to be recognized. A few of the freshest impact craters visible are bright 
and have one or two short rays. Many other craters with crisp rims do not have rays, although they do have narrow, 
raised rims. Under high sun, many craters are surrounded by a narrow bright ring immediately outside the rim (in 
contrast to the bright halo of some dark-floored craters, located mostiy within the rim). The extremely low gravity 
on Ida probably precludes formation of distinct ejecta blankets and extensive fresh crater rays. 

Crater chains are defined as consisting of three or more aligned craters of similar size separated by less than 
one crater diameter. Crater chains range from 500 m to 2.5 km in length, and component crater diameters range 
from 200 to 400 m. Orientations and locations are random across the mosaic. Crater chains may result from low- 
velocity impact of ejecta from a primary crater (although no crater chain can yet be linked to a larger primary) or 
from a string of original impactors. 
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MORPHOLOGY AND GEOLOGY OF ASTEROID IDA: R. Greeley et al. 


Preliminary analysis of the types, morphologies, and distributions of surface features on the five-frame mosaic 

1. ^fda is geologically more complex than Gaspra, an asteroid imaged by Galileo in 1991. This may reflect its 
larger size or a different history. . , 

2 Many of the morphological features suggest the presence of regolith, as evidenced by downslope 
movement of debris. Asymmetric distribution of these features may mean that the regolith is not present 
everywhere or is of variable thickness. 

3 Preferred orientation of many of the lineations may be related to a stress field or as yet unseen craters. 

We note that these observations are tentative and may be strongly influenced by local illumination and viewing 
geometry. Dimensions reported here are apparent and have not been corrected for foreshortening or local slope. 
When completed coverage from subsequent images is received, the distribution of morphological features and 
interpretation of surface geology will be improved. 

REFERENCE: [1] C.R. Chapman et al., this volume. 



Fig. 1. a) Galileo photomosaic of Ida, b) sketch map corresponding to Figure la showing various surface features. 
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CONSTRAINTS ON FLASH HEATING FROM MELTING KINETICS. 

James P. Greenwood and Paul C. Hess, Department of Geological Sciences, Brown University 
Providence, RI 02912. 

During a flash heating event, a mineral heated above its melting point will melt in situ, 
regardless of the minerals with which it is in contact. In contrast, melting paths controlled by 
phase equilibria are limited by diffusion in the liquid, and will therefore not necessarily control the 
melting kinetics. Melting will instead be rate limited by the kinetics occurring at the solid-liquid 
interface. It is then possible to predict melting rates for various amounts of superheating using a 
Wilson-Frenkel model [ 1 ]. 

Melting has historically been modeled as a continuous process. Intrinsic to this 
philosophy is the assumption that at the melting point the solid transforms to a liquid at all points in 
the lattice. The contrasting view of melting is that the solid transforms discontinuous^ via a 
nucleation and growth mechanism, similar to crystallization. If this is true, then melting can be 
modeled by existing theories of crystal growth, assuming the principle of microscopic reversibility. 
The principle difference between melting and crystallization is that the barrier to nucleation of melt 
on a crystal surface is considered negligible, while the nucleation of a crystal in a liquid is 
comparatively difficult. 

The observation that metal crystals melt at even slight superheating has been cited as 
evidence to support the continuous transition theories. In contrast to these observations, studies on 
solids which melt to viscous liquids have shown that melt invariably nucleates on the external 
surface and interior boundaries (i.e. cleavage planes and fractures) and propagates inward[l-3]. 
Also, it is possible to superheat solids such as quartz[l,4J and albite[2] by hundreds of degrees for 
significant times. The melting rate and the amount of superheat a given solid can undergo is related 
to the viscosity of its liquid. It is not surprising that metal crystals are observed to melt almost 
continuously at slight superheating, because the kinetics of the melting process are very rapid and it 
would be difficult to measure (see below). 

In choosing an appropriate model to describe melt growth, the rate controlling factor must 
be stipulated. If a crystal melts into a liquid of different composition, the melting rate will likely be 
controlled by diffusion of melted components from the interface into the liquid. When a crystal 
melts into a liquid of high fluidity, as in the case of a metal melting into a liquid of its own 
composition, the melting rate is generally controlled by the efficiency which heat can be transported 
to the interface. The melting rates in these cases will be time dependent. For a crystal which melts 
to a viscous liquid of its own composition, the rate is generally controlled by the kinetics at the 
interface. In this case, the melting rate will be time independent. 

The melting kinetics of quartz[l,4], cristobalite[l,3], sodium disilicate[5,6], phosphorous 
pentoxide[7], albite[2], germanium dioxide[8], and diopside[9] have been studied to date. These 
studies involved single crystals or were melted into a liquid of the same composition. They were 
all found to have time independent melting rates. Also, the melting rate is linearly proportional to 
the amount of superheat. These two conditions must be satisfied in order to utilize a Wilson- 
Frenkel model for predicting growth rates[10-12]. The Wilson-Frenkel model attempts to predict 
growth rates for interface-controlled normal growth. Specifically for small superheating, u = 
fAHf(T-Tm)/Tm3jta 2 NA|i, where u is the growth rate, f is the fraction of sites available at the solid- 
liquid interface (f=l for normal growth), AHf is the enthalpy of fusion, T is the temperature of 
interest (in kelvin), Tm is the melting point, a is the jump distance, Na is Avogadro's number, and 
p is the viscosity of the melt. 

When the experimental melting rate is compared with the theoretical melting rate for P 2 0 5 , 
GeC> 2 , Na 2 Si 05 , albite, quartz, and cristobalite, the experimental rate is generally higher by an 
order of magnitude or less. Indeed, the melting rate of albite is predicted almost exactly [2]. These 
crystals melt to liquids with viscosities ranging from 10 2 to 10 7 Pa*s. But in the case of diopside, 
which melts to a liquid with a viscosity of lO 1 Pa*s, the theoretical melting rate is almost two 
orders of magnitude higher than the experimentally determined rate. The importance of viscosity 
on the melting rate can be illustrated by comparing the melting rates of cristobalite (Tm=1726°C) 
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and diopside (Tm=1665°C). The viscosities of cristobalite and diopside liquids at the melting 
points are 10 6 Pa*s and 0.9 Pa*s, respectively. The experimentally determined melting rate of 
diopside at a superheat of 12 degrees is lxlO 5 pm/hr. Though cristobalite melts at a higher 
temperature, its measured melting rate at the same amount of superheat is 3.9 pm/hr. The 
calculated rates for diopside and cristobalite at this superheat are 7.8xl0 6 pm/hr and 2.2x10 

pm/hr, respectively. . . , .. , , 

The melting rates of forsterite, enstatite, akermamte, spinel, and anorthite have been 
calculated at various amounts of superheat. Some examples are shown in Figure 1. The melting 
rates of enstatite and akermanite are almost identical to diopside because these minerals melt to . 
liquids with viscosities in the range of 10 to 10'* Pa»s, similar to diopside melt. Also, the melting 
rates of spinel and forsterite are almost identical. Using diopside as an example, with 20 degrees 
of superheat, we calculate a melting rate of 3.78 mm/s, whereas the experimentally determined rate 
at this superheat is 500 microns/s. Clearly, minerals such as diopside cannot be superheated for 
great lengths of time. The presence of relict grains in chondrules and CAI's suggests that if they 
were melted by a flash heating event they were probably not taken above the nominal melting point 
of the minerals listed above. If they were superheated, it would be for very short duration (<<1 
minute). The application of melting kinetics to placing constraints on chondrule precursor grain 
size, temperature, and duration of flash melting events can prove fruitful. Experimental 
determinations of the melting kinetics of relict grains can help clarify these important questions. 


REFERENCES: (1) Ainslie, N.G., et al. (1961), J. Phys. Chem. 65, 1718-1724. (2) Greenwood, J.P., Hess, P.C, 
unpublished. (3) Wagstaff, F.E. (1969), J. Am. Ceram. Soc. 52, 650-654. (4) Scherer, G et al (197°), Phys. Chc"i. 
Glasses 11, 53-58. (5) Meiling, G.S., Uhlmann, D.R. (1967), Phys. Chem. Glasses 8, 62-68. (6) Fang, C_Y and Uhlmann, 
D.R. (1984), J. Noncrytalline Solids 64, 225-228. (7) Cornua, R.L., et al. (1963), J Appl Phys. 34 2 ^39-2244_ (8) 
Vergano P.J., and Uhlmann, D.R. (1970), Phys. Chem. Glasses, 11, 39-45. (9) Kuo, L-C., Kirkpatrick, R.J. (1985), Am J. 
Sci 285 51-90 (10) Turnbull, D., Cohen, M.H.. (1960), in MacKenzie, J.D., ed.. Modem aspects of the vitreous state: 
New York, Butterworth, p. 47-50. (11) Uhlmann, D.R. (1969), in: Kinetics of Reactions in Ionic Systems Materials 
Science Research Vol. 4, New York, Plenum, p.172-197. (12) Kirkpatrick, R.J. (1975), Am. Min. 60, 798-814. 


Grain radius vs. time 


10000H 


</> 

*o 


<D 

E 

H 



An1600C(AT=43) 

& - An1570C(AT=13) 

«-Fo1906C(AT=5) 

K- - Fo1936C(AT=30) 

+ - - DI(theor. 1670C)AT=5 
a- - Di(expt.1670C)AT=5 

- Ab(theor.1200C)AT=82 

- Ab(expt. 1200C)AT=82 


1000 


100 10 
Grain radius(microns) 


Figure 1: Melting kinetics as a function of superheat (AT) and grain radius. 
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RATIO OF FIRST AND SECOND GENERATION FOLD WAVELENGTHS ON 
LAVAS MAY INDICATE FLOW COMPOSITION; Tracy K.P. Gregg and Jonathan 
H. Fink, Department of Geology, Box 871404, Arizona State University, 
Tempe, AZ 85287-1404 

The surface crust of an advancing lava flow will buckle transverse to 
the flow direction under sufficiently strong compression. Compression 
may be caused by an obstacle in the flow path, shear along flow margins, 
or by differential velocities in the downstream direction. Fold wavelength 
depends primarily upon the thickness and viscosity of the crust, and the 
viscosity of the flow interior [1]. Previous attempts to relate fold 
wavelength to lava composition have met with limited success [2, 3]. We 
have taken a different approach, focusing on the ratio of first-generation 
to second-generation fold wavelengths. We conclude that this ratio 
depends on the unique physical properties of the lava flow and surface 
crust, such as crystallinity, vesicularity, composition, and crustal strength 
and thickness. 

By extruding polyethylene glycol wax (PEG) into a tank filled with cold 
sucrose solution, we can carefully observe the folding process. The 
distance from the vent at which first-generation folds appear depends 
primarily on eruption temperature, effusion rate, and underlying slope: 
the greater these parameters, the further from the vent folding takes 
place. Under certain conditions of sustained compression, multiple 
generations of folds may form. As the folded crust moves away from the 
vent, it cools and thickens. At some critical distance from the vent (which 
depends on cooling rate and flow velocity) the crust becomes too thick to 
accommodate additional compression by deforming into small, first- 
generation folds. Instead, a second generation of folds with longer 
wavelengths develops, superposed on the first-generation folds, appears. 

If compression continues as the crust thickens, a third generation may 
form. Alternatively, the crust may become too thick and brittle to deform 
in a ductile manner, and may break into a series of overriding plates. 

We have examined fold wavelengths on flows of three compositions: 
rhyolite, basalt, and polyethylene glycol. (PEG is a commercially available 
wax, used in previous laboratory experiments to simulate lavas [4, 5, 6].) 
Comparing the wavelengths of the first (Xi) and second (X 2 ) generation 
folds observed in the laboratory simulations reveals a nearly constant ratio 
of X 2 / Xi ~8. This ratio is independent of flow rate, flow temperature, 
underlying slope, or cooling rate. Examination of glassy rhyolite flows (e.g., 

Big Glass Mountain, California) reveals a ratio of fold wavelengths equal to 
~3. Hawaiian and Icelandic basalt flows give a ratio of wavelengths equal 
to ~5 (Figure 1). 
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This sequence suggests that some innate property of the lava crust- 
perhaps strength, which can be related to composition-limits the ratio of 
first- and second-generation fold wavelengths. We are currently 
examining surface folds on venusian and martian lava flows to determine 
if ratios are similar to those observed on terrestrial lava flows. 

References. [1] Fink, J.H. and R.C. Fletcher (1978) JVGR4, 151. [2] Fink, J.H. (1980) 
Geology 8, 250. [3] Porter, T.K. and P.H. Schultz (1990) LPSCXXI, 973. [4] Hallworth et 
al. (1987) M. Geol. 11, 93. [5] Fink, J.H. and R.W. Griffiths (1990) JFM221, 485. [6] 
Griffiths, R.W. and J.H. Fink (1992) JGR 97, 19,739. 
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Figure 1. First and second generation fold wavelengths for basalts, 
rhyolites, and PEG. 
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40 Ar/ 39 Ar DATING OF SAMPLES FROM THE CAT MOUNTAIN METEORITE 

J.A. Grier, T.D. Swindle, D A. Kring; Lunar and Planetary Laboratory, University of Arizona, Tucson 
AZ 85721 USA. 

Cat Mountain is a recently identified impact melt breccia containing shocked but unmelted L5 clasts in a 
completely shock-melted matrix [1], Because less than 1% of recovered ordinary chondritic material is 
impact melted, this sample provides a rare opportunity to examine the collisional evolution of an asteroid. 
Exposure ages and dates of possible shock metamorphic events were determined for several samples. Our 
data appears to indicate an event affecting this meteorite at 850 Ma and perhaps another at 2700 Ma. Our 
calculated exposure age for Cat Mountain is about 20 Ma. 

We analyzed Ne, Ar, Kr and Xe in two unirradiated samples; one each of the melt and a clast, and 
40 Ar/ 39 Ar in irradiated samples of the melt and two clasts. Gases were extracted by stepwise heating in a 
resistance-heated double vacuum Ta furnace, and analyzed in an ion-counting VG5400 mass spectrometer. 
Figure 1 shows the apparent age spectrum of the melt sample. For up to 50% fraction of 39 Ar* released, 
there^is a good plateau in the apparent 40 Ar/ 39 Ar age at approximately 850 Ma. For higher fractions of 
39 Ar released, the profile is consistent with diffusive loss, not surprising for a degassed melt sample. 
Similar to the melt sample, the clast samples (Figures 2-4) exhibit apparent 40 Ar/ 39 Ar ages with minimum 
values of approximately 850 Ma, for up to 50% fraction of 39 Ar* released. Unlike the melt samples, the 
clast samples appear to achieve an additional plateau at approximately 2700 Ma. Although it is not 
unusual for L chondrites to have reset ages less than 1000 Ma, these usually fall in the 300 to 500 Ma 
range [2,3]. This pattern somewhat resembles the highly shocked chondrites Arapahoe (L5) and Lubbock 
(L5), and particularly the shock-melted Orvinio (L6) [2,4], which had minimum values from 800 to 1000 
Ma, and values at higher 39 Ar* release fractions of 3000, 2500 and 1900 Ma, respectively. The shape of 
the profile for these shocked chondrites has been described as "saddle-shaped". Lanphere and Dalrymple 
[5] concluded that "saddle-shaped" profiles such as these appear to indicated excess 40 Ar. Therefore 
minima in these profiles are usually interpreted as an upper limit for the crystallization, or in our case, 
shock age [2,5,6], But other shocked samples were not paired with clearly degassed melt samples. The 
good plateau achieved by the Cat Mountain melt sample at approximately 850 Ma, the same age achieved 
by the minima in the clast samples, indicates that this may represent a meaningful event age. It is less clear 
whether the 2700 Ma age represents an actual event, partial resetting of phases, or perhaps excess 40 Ar. It 
is important to note that the shock veins going through the clasts may have been produced by the event at 
850 Ma or an event at 2700 Ma. Continuing studies using a laser heating procedure may help distinguish 
which veins were created by which event. 

From the unirradiated samples, we can determine cosmic ray exposure ages. Using the shielding-corrected 
production rates of Eugster [7], we calculate exposure ages of roughly 20 Ma for Cat Mountain (Table 1). 
By comparison, Orvinio has an exposure age of less than 10 Ma, while Lubbock and Arapahoe have 
exposure ages of 15 and 40 Ma respectively [8], Thus Cat Mountain and Orvinio may have experienced 
the same shock event about 850 Ma ago, but the events that reduced them to m-sized objects were distinct. 

We can construct a possible timeline for the events affecting the Cat Mountain meteorite. At 4500 Ma, 
chondrule formation and accretion occured. At 2700 Ma, a shock metamorphic event may have occurred. 
At 850 Ma, a more energetic impact event took place, producing the impact melt breccia rock. Some time 
between 850 and 20 Ma ago, the material was jettisoned into space. At some other unknown time, the 
object containing Cat Mountain encountered an orbital resonance and was inserted into earth crossing orbit. 
As the Earth crossing orbit evolved, another collision at approximately 20 Ma took place, reducing the 
object to m-size; and finally the meteorite fell to Earth sometime in the 1980's. 
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Figure l - 12B Melt Sample 



Figure 2 - 12D Clast #2 Sample 



Figure 3 - HB Clast #1 Sample 



Figure 4 - HC Clast #1 Sample 
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THE SUDBURY STRUCTURE: ADDITIONAL CONSTRAINTS ON ITS ORIGIN AND 
EVOLUTION; R. A. F. Grieve, Geological Survey of Canada and Institut fur Planetologie, 
Munster, A. Deutsch, Institut fur Planetologie, Munster, Germany, D-48149 

The occurrence of shock metamorphic effects indicate an impact origin for the Sudbury 
Structure but the existence of the Sudbury Igneous Complex (SIC) and its non-circularity have 
posed problems for a simple impact origin and combined impact-magmatic models have been 
proposed (1,2,3). Recent studies have led to the suggestion that the SIC is part of a coherent 
impact melt sheet contained within a tectonised and eroded impact basin, which was originally 
~ 200 km in diameter(e.g. ,4,5). Most recently, the results of geophysical and allied stuctural 
studies, as part of the UTHOPROBE program, indicate that the SIC is, indeed, continuous 
beneath the Sudbury Basin (6) and there are no structures or bodies at depth (7), as would be 
expected for a feeder system for magmatism. They also indicate considerable NW shortening and 
that the SIC could have been originally circular(8,9). These results are consistent with the 
impact model(4,5) but suggest that the original diameter may have been as large as 250 km. 

There is often a basic misunderstanding, which is still perpetuated (e.g.,10), on what 
constitutes the Sudbury Structure. It covers an area of > 15,000 km 2 and is not synonymous 
with the SIC. Formations related to the Sudbury Structure occur up to 80 km outside the SIC. 
Details of the recent comprehensive impact model can be found in (4,5) and can be summarised 
as: all breccia and "melt" formations can be explained by impact, and there is no chemical or 
physical reason for a magmatic component to formations directly linked to the formation of the 
Sudbury Structure. Beginning in 1991, a series of geophysical and associated studies were 
initiated across the SIC and the interior Sudbury Basin, as part of the UTHOPROBE program. 
Phase one is now complete and these independent results are to be published in an up-coming 
edition of GRL. Their implications for the impact model are summarised below. 

Original shape It has been argued that the non-circularity of the SIC, and by implication 
the Sudbury Structure, is the greatest drawback to the impact interpretation (2). Reflection 
seismic data along a N-S traverse across the SIC indicate that it has been highly tectonised in 
the south and subjected to NW thrusting (6). This occurred following a period of ductile 
deformation and folding in the same direction (9). Thus, the present configuration of the SIC 
(Fig 1) has only indirect bearing on the original shape of the Sudbury Structure; although it is 
featured prominently in one recent impact model (10). Furthermore, pre-deformation 
reconstruction of the potential field anomaly patterns due to the SIC by removing a simple NW- 
directed stress field indicate that they were originally circular (8). 

Subsurface characteristics Reflection seismic data, constrained by drill hole data, indicate 
that the North Range of the SIC dips 20° - 30 ° to the south as a coherent sheet under the 
Sudbury Basin (6). There is no indication of a magmatic feeder system (Fig 1). Similarity, 
reinterpretation of new and previous potential field data indicate no need for a "hidden mass" 
(11) of mafic-ulxramafic material beneath the SIC, which in magmatic models (Fig. 1) was 
related to flanking intrusions associated with the SIC magma (2). The potential field anomalies 
can be explained by surface lithologies constrained at depth by the seismic data (7). Thus, except 
where tectonically disrupted in the south, the geophysical data indicate the SIC as a coherent 
sheet thickening towards the center, as would be expected in the impact model (4,5). 

Original dimensions Previous estimates of the original dimensions of the Sudbury 
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Stucture were based on the radial distribution of various attributes, e. g., shock metamorphic 
features, dike breccias, with respect to the center of the structure, assumed to be the center of 
the Sudbury Basin interior to the SIC (4,5). These estimates depend strongly on the original 
diameter of the SIC, which was assumed to be 60 km. The present dimensions are 60 x 30 km 
and the seismic data suggest that there has been 50% shortening in a generally NW direction 
due to thrusting during the Penokean orogeny (6). This is a minimum, as the seismic data only 
imaged brittle deformation. The deconvolution of the potential field anomaly pattern (8) and the 
recent work on the extent of ductile deformation following the formation of the SIC (9,12) 
suggest that the SIC may have been 75 -80 km in diameter. This would revise these previous 
estimates of the original diameter of the Sudbury Structure up to 250 km or greater. That the 
effects of the Penokean orogeny extend further north than indicated by the seismic data alone 
is also suggested by the occurrence of reset Ar-Ar ages in some Sudbury Breccias up to 30 km 
north of the SIC (13). 

Structural position of the South Range The NW thrusting of the southern portion of the 
Sudbury Structure indicates that the South Range of the SIC represents a deeper structural level 
than the North Range (Fig. 1). This is consistent with it being thicker, its greater range of in situ 
differentiation products (2) and with the rarity of Footwall Breccia compared to the North Range 
(2,14). At large impact structures, the basal breccia that floors coherent impact melt sheets is 
often missing below more central exposures of impact melt, having been eroded by the impact 
melt as it is driven downward and outward along the floor of the expanding transient cavity (15). 

Concluding remarks The LITHOPROBE results have highlighted the tectonic evolution 
of the SIC and its environs and produced a three dimensional view that is consistent with 
previous impact models for the Sudbury Structure (4,5); although, perhaps favoring some what 
larger original dimensions. Previously, we have emphasised the implications of the SIC as part 
of an impact melt sheet for the interpretation of samples from the lunar highlands (4). It would 
also now appear that the Sudbury Structure has potential lessons for the recognition of impact 
structures on Venus, where both impact cratering and lateral tectonic processes have occurred. 

REFERENCES (l)French, B. M. (1969) Bull. Vo/., XXXIV, 466. (2) Naldrett, A. J. (1984) Ont. Geol. Surv. Sp. Paper 
1, 533. (3) Norman, U. D. (1994) GSA Sp. Paper (in press). (4) Grieve, R. A. F. et al. (1991) JGR, 96, 753. (5) 
Stoffler, D. et al (1994) GSA Sp. Paper (in press). (6) Milkereit, B. et al. (1992) Geology, 20, 807. (7) McGrath, P. 

H. and Broome, H. J. (1994) GRL (in press). (8) Roest, W. R. and Pilkington, M. (1994) GRL (in press). (9) Cowan, 
E. J. and Schwerdmer, W. M. (1994) Ont. Geol. Surv. Sp. Paper (inpress) (10) Lawman, P. D. (1992) Rev. Geo., 30, 
227. (11) Gupta, V. K. et al. (1984) Ont. Geol. Surv. Sp. Paper 1, 381. (12) Hirt, A. M. et al. (1993) Tectonphysics, 
225, 231. (13) Thompson, L. M. etal (1993) EOS, 74, no.43, 389. (14) Dressier, B. (1984) Ont. Geol. Surv. Sp. Paper 

I, 97. (15) Simonds, C. H. and Kieffer, S. IV. (1993) JGR, 98, 14321. 


Fig 1. (a) Subsurface model of SIC and its 
environs prior to the results of LITHOPROBE. 

(b) Geologic model of (a), with black being 
the SIC ,stippled being hidden, related 
intrusions, dashes being the Onwatin and 
Chelmsford and the triangles the Onaping. 

(c) Post LITHOPROBE subsurface view , with 
symbols as in (b). "A " is an ambiguous zone 
of thickened units in the seismic data. 

(d) Geologic model of SIC as a tectonically 
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WANAPITEI IMPACT STRUCTURE: RECONSTRUCTION OF THE EVENT; RA.F. Grieve, 
Geological Survey of Canada and Institut fur Planetologie, Univ. Munster, and T. Ber, Univ. Ottawa, 
Canada. 

The — IS km diameter Wanapitei impact structure (46°45’N; 80°45 , W) lies entirely within Lake 
Wanapitei in central Ontario, Canada. Impact lithologies are known only from glacial float samples. They 
consist of >50% suevite breccias, <20% glassy impact melt rocks, <20% highly shocked target lithologies, 
and <5% impact glass breccias, which may represent original fall-back material. The major element 
composition of the impact melt rocks can be modelled as a geologically reasonable mix of specific target 
lithologies. The melt rocks fall into two textural and mineralogical types, which also differ in their degree 
of meteoritic contamination. This begs the question of whether they would be recognized as coming from 
a single event if they were recovered from a situation with less geological control, as exists for extraterrestrial 
samples of impact melt rocks. 

The potential target rocks at Wanapitei consist of Huronian meta-sediments of the Gowganda, Serpent, 
Espanola, Bruce, and Mississagi Formations (mostly arkosic quartzites and wackes), overlying Archean 
granite - greenstone and cut by Nipissing Intrusives [1]. Impact lithologies occur in glacial till at the south 
end of the lake [2]. From the till only lithologies with shock metamorphic effects could be assigned to 
having come from within the structure. From the examination of — 150 thin sections showing evidence of 
shock metamorphism, the recovered impact lithologpes can be subdivided into: 

L Suevite breccias Lithic clasts show a range of shock features up to partial vitrification and constitute up 
to 40% by volume. They are Huronian meta-sediments and subordinate Nipissing Intrusives. No 
unequivocal Archean clasts were observed. Glass fragments contain vesicles and clastic debris and make 
up to 15%. They show a wide range of optical homogeneity but even when homogeneous contain areas 
corresponding to Si0 2 . Their bulk composition is, however, relatively constant and corresponds to no 
specific target lithology. The overall composition of the suevite breccias is variable, depending on clast 
content. 

2. Highly shocked meta-sediments They are partially vitrified and vesiculated, with a density of — 2g cm 3 , 
and can contain coesite [3]. They appear to be of a single lithology and correspond chemically most closely 
to the Mississagi Formation (Table 1). They occur as single cobbles but the presence of equivalent material 
as lithic clasts in the suevite breccias suggests that they too originated as large clasts in suevite. 

3. Glass breccias These are relatively rare and resemble suevite breccias, except they contain up to 50% 
glass clasts and lithic clasts are dominated by highly shocked varieties. Their matrix is extremely fine grained 
and contains glass particles. They may represent samples of fallback material. 

4. Impact melt rocks There are two variants. One has a colorless glass matrix, which may show perlitic 
fracturing. It contains - 5% round vesicles, up to - 25% mineral and rare lithic clasts, and microlites of 
hypersthene up to 1.0 mm long and containing up to 11.5% Al 2 0 3 . The second consists of brown or mixed 
glass with — 15% elongate vesicles, up to 30% mineral and lithic clasts defining schlieren, and tabular 
crystals of hypersthene up to 0.05 mm with up to only 2% Al 2 0 3 . Although there is abundant evidence of 
flow prior to solidification, the tabular hypersthene is randomly oriented. Both variants have similar major 
element bulk compositions (Table 1). Like the glasses in the suevite breccias, they have areas in the matrix 
corresponding to pure SiO^ which represent most likely ghost lechatelierite inclusions preserved because 
of the high Si0 2 content and high viscosity of the melt (Table 1) and the rapid chilling. The differences 
between the two variants is ascribed to different cooling histories, with the low Al 2 0 3 hypersthene believed 
to have crystallized after the melt had quenched to a supercooled glass [4] that was then held at elevated 
temperature within the crater filling lithologies. 

Reconstruction of the impact event The lithic clasts in the suevite indicate that only Huronian and Nipissing 
lithologies were within the transient cavity. This is consistent with the super-position of a transient cavity 
of — 5 km [5] on the present outcrop pattern extended across the Lake Wanapitei. The identification of 
the highly shocked meta-sediments as Mississagi restricts impact melting to lithologies stratigraphically 
higher than the Mississagi. Mixing models of the major element composition of the impact melt rocks 
(Table 1) suggest that they can be modelled as - 46% Gowganda, — 46% Serpent, and — 8% Nipissing. 
This is also generally consistent with the extrapolated outcrop pattern. Assuming the highly shocked meta¬ 
sediments are Mississagi, it begs the question of why the intervening Espanola and Bruce Formations were 
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not within the zone melted. The Espanola is a calcareous siltstone and only one clast of such a lithology 
was observed in the suevite breccias. This would appear to confirm the most obvious explanation, namely, 
that these units thin dramatically along strike across the lake [1] and they were not a component of the 
target volume. Using the mixing model to correct for indigenous components, the Ni/Cr, Ni/Co, and Cr/Co 
ratios of the two impact melt rock types are 3-3.8, 15-20, and 5-5.2, respectively. These are similar to 
chondritic ratios and support previous interpretations based on siderophile [6] and PGE abundances [7] that 
suggest a chondritic impactor. The amount of meteoritic contamination in the impact melt rock with the 
tabular hypersthene, however, is a factor of five higher. Whether this difference in some trace elements and 
different mineral chemistry would be sufficient to erroneously ascribe these melt rocks to more than one 
impact event, in the absence of geological control [8], is a moot point. It does underscore, however, that 
not all the experiences gained in the study of large coherent impact melt sheets, e.g., [9], can be applied 
without caveat to smaller impact events. 

Table 1. Chemistry of some lithologies at Wanapitei. 



1 

2 

3 

4 

5 

6 

Si0 2 

84.9 

86.9 

74.1 

76.3 

74.8 

75.1 

Ti0 2 

0.07 

0.10 

0.19 

0.20 

0.20 

0.27 

ai 2 o 3 

7.3 

6.9 

12.3 

10.8 

11.6 

11.7 

Fe 2 0 3 

0.5 

0.4 

0.6 

0.6 

- 

- 

FeO 

0.6 

0.5 

1.3 

1.8 

*23 

*2.8 

MnO 

0.01 

0.00 

0.02 

0.03 

- 

- 

MgO 

0.6 

0.4 

1.0 

1.8 

1.6 

1.6 

CaO 

0.2 

0.2 

0.8 

1.3 

1.3 

1.2 

Na 2 0 

1.1 

2.4 

2.9 

1.8 

23 

23 

k 2 o 

1.7 

1.7 

2.8 

23 

2.5 

2.6 

h 2 o 

2.7 

0.25 

3.2 

2.5 

“ 

- 

Total 

99.68 

99.75 

99.21 

99.43 



1. Average highly shocked and partially vitrified meta-sediments. 

2. Average Mississagi Formation, 3. Average impact melt rocks 
with high Al-hypersthene. 4. Average impact melt rocks with low 
Al-hypersthene. 5. Average all impact melt rocks. 6. Calculated 
impact melt rock from mixing model (see text). *A11 Fe as FeO. 


REFERENCES. [1] Dressier, B.O. (1982) Ont. Geol. Surv. Rpt., 213, 131 p. [2] Dence, M.R. and 
Popelar, J. (1972) Geol. Assoc. Can. Sp. Pap. 10, 117. (3] Dence, M.R. et al. (1974) EPSL, 22, 118. 
[41 Grove, T.L. and Raudsepp, M. (1978) PLPSC 9th, 585. [5] Croft, S.K. (1985) PLPSC 15th, 828. 

[6] Wolf, S. et al. (1980) GCA, 44, 1015. [7] Evans, NJ. et al. (1993), CGA, 57, 3737. [8] Ryder, G. and 
Spudis, P.D. (1987) PLPSC 17th, 432. [9] Grieve, RAF. et al. (1977) Impact and Explosion Cratering, 
Pergamon, 791. 
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Mars - It’s What’s Inside That Counts: Laura L. Griffith and Raymond E. Arvidson, 
McDonnell Center for the Space Sciences, Department of Earth and Planetary Sciences, 
Washington University, St. Louis, MO 63130. 

Spectral reflectance and emittance data covering the surface of Mars suggest a planet 
with basaltic bedrock covered with ferric-rich weathering products and only a few percent 
of carbonate material. This view of the surface may be biased by photo-oxidation and other 
weathering effects and thus may not be representative of the textural or mineralogical 
character of the crust. Hydrothermal alteration of the upper few kilometers of the crust may 
be widespread and may have occurred globally, even when surface temperatures were below 
the triple point of water. The main driving forces for the hydrothermal system would have 
been shallow intrusive and extrusive magmatic events. Extensive hydrothermal activity 
would have altered the properties of the upper crust and created subsurface reservoirs of 
volatile species, including carbonates. Physical and chemical modeling of hydrothermal 
systems on Mars provide predictions as to the nature and locations of altered crustal 
sections and suggestions as to where to make observations to test the hypothesis. 

What is typically seen of Mars with imaging cameras, infrared instruments, radar, 
and even the Viking Lander in situ analyses necessarily involves aeolian sediment, local 
debris, and whatever bedrock is exposed. From various spectra (ISM [1], Mariner 9, IRIS 
[2], and ground-based [3]) the presence of ferric oxide or oxyhydroxide coverings or coatings 
on basalt is inferred. Ground-based spectra have also been used to deduce the presence 
of scapolites (4] and predict an upper limit of 10 -15% of sulfates and carbonates in the 
airborne dust [5J. It has been estimated that 10-20 bars of C0 2 should have been 
outgassed by Mars; this amount of C0 2 is about equivalent to 225 - 450 m of calcium 
carbonate [6J. This C0 2 is in the polar caps, adsorbed onto the regolith, and in the 
atmosphere, but these reservoirs do not account for all the C0 2 . 

Kasting [7] has suggested that the martian surface temperature did not surpass the 
water triple point (i.e. 273 K) because C0 2 condensation in the upper atmosphere lowered 
the thermal gradient. In the absence of greenhouse gases other than C0 2 (e.g. S0 2 ), this 
result implies that rainfall and runoff were negligible. It has further been suggested that 
regional hydrothermal activity, instead of rainfall and runoff, was responsible for the runoff 
channels in at least the Hecates Tholus and Alba Patera regions [8]. Global hydrothermal 
alteration has also been sited for the "uniform" depth (—1-2 km) of erosion found at many 
scarp faces (9). We propose that there has been extensive global hydrothermal activity on 
Mars that has affected the physical and chemical properties of the upper crust, even though 
rainfall and runoff did not necessarily occur on a global basis. Indeed, hydrothermal 
activity is a natural process accompanying intrusive and extrusive volcanism, both of which 
have occurred on Mars [10]. 

On Earth it is known that many hydrothermal circulation systems effect and alter 
their host rocks down to at least 2 km [11]. In most of these hydrothermal systems, calcite 
and/or aragonite and other carbonates are deposited along subterranean flow channels. 
Deposition occurs regardless of whether the hydrothermal water comes into contact with 
carbonate bearing rocks; in other words, the carbonate source constituents can be basalt 
or other volcanic rocks [11]. Greater than 15 wt% of altered volcanic rock may end up as 
carbonate [12]. Also, carbonaceous chondrite parent body alteration models have been run 
where the entire planetesimal is altered (up to ~ 35 km) [13]. These models, which start 
with a pseudo-basaltic composition (mostly olivine and pyroxene) and end up agreeing with 
meteorite mineralogies, also produce carbonates in a variety of Eh-pH and temperature 
regimes: Eh: -0.5 - -7.5 V, pH: 7 - >12, T: 1' - 150*C [14], Volatiles other than carbon can 
also be sequestered in alteration phases Ill]. If SNC’s are assumed to be of martian origin, 
then fracturing and veining actually has occurred on Mars, since SNC’s exhibit calcite and 
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sulfate veins [15]. 

In our conceptual model three related heat sources are considered as forcing 
mechanisms: extrusive volcanism, intrusive magmatic emplacement, and an overall higher 
thermal gradient earlier in geologic time [16]. A frozen surface is assumed as a boundary 
condition. Thus, it is possible that carbonate and other volatile deposition have occurred 
in relatively large subterranean veins and not lakes, sequestering the carbonates along with 
other volatiles mostly below the surface. Frozen boundary conditions are also used in 
meteorite parent body circulation models [13], suggesting circulation patterns would be 
similar between the two models on regional scales. With a fixed amount of available fluid 
and the decreased porosity with depth (due to overburden pressure), the circulating systems 
would only be able to alter the crust to depths of several kilometers. Competing factors of 
available fluid, pressure, and porosity will be fairly uniform over the planet; therefore, 
planet-wide, a common base level of alteration would develop. This base level would explain 
the roughly uniform erosion depth observed in the fretted terrains [17]. In addition, 
variations in topography and magmatism will lead to regional-scale circulation systems and 
changes in physical and chemical propertiesof the crust. Consider a system in which 
aqueous fluids are in circulation away from an intrusion. Circulation patterns will be 
governed by the topography and local thermal characteristics. Fluids initially 
undersaturated with respect to carbonates might become saturated at a temperature 
~150‘C when the pH is ~7 and the Eh is —0.4 V. At lower temperatures, ~25’C, (further 
from the heat source) a wider range of pH is allowable for carbonate saturation, ~7.5 - ~9.5, 
along with Eh values between -0.5 and -0.75 V [ 14]. 

We are currently pursuing coupled physical and chemical modeling of hydrothermal 
systems on Mars, using 2D ground water flow and the EQ3/6 algorithm [18] to compute 
ionic concentrations and saturation states. The intent is to predict the nature and locations 
of hydrothermal products under a variety of topographic and heat source geometries and 
magnitudes. The predictions will also serve to focus attention on key areas on Mars to 
observe with the Gamma Ray Spectrometer and Thermal Emission Spectra, assuming a 
r efligh t of Mars Observer or another orbiter or orbiters. For example, the walls and interior 
layered deposits of Valles Marineris are prime candidates for exploring this hypothesis. 
These areas offer several advantages over of areas of the planet: a) they are in an area where 
volcanism has been extensive, b) the canyon walls expose crustal sections, c) the interior 
layered deposits have various properties, including texture, topography, and coloration, 
which might be explainable by hydrothermal alteration, and d) the fretted terrain in the 
eastern end of the canyon shows features suggestive of fluvial activity. 


[1] Murchie, S. and J. Mustard (1992) LPSC XXIV, 1027-1028. [2] Hanel et al (1972) Icarus, 
17, 423-442. [3] Singer, R.B. (1982) JGR, 87, 10159-10168 . [4] Clark et al (1990) JGR 
95, 14463-14480. [5] Pollack et al (1990) JGR, 95, 14595-14627. [6] Carr, M.H. (1986) 
Icarus, 68, 187-216. [7] Easting, J.F. (1991) Icarus, 94, 1-13. [8] Gulick, V.C. and V.R 
Baker (1991) LPSC XXIII, 463-464. [9] Soderblom, LA., and D.B. Wenner (1978) Icarus, 34, 
622-637. [10] Greeley, R. and Schneid, B.D. (1991) Science, 254, 996-998. [11] Ellis, A.J. 
and WA.J. Mahon (1977) Chemistry and Geothermal Systems. Academic Press: N.Y. [12] 
Fouillac et al (1989) Chem. Geo., 76, 271-289. [13] Grimm, RE. and H.Y. McSween, Jr. 
(1989) Icarus, 82, 244-280. [14] Zolinsky et al (1989) Icarus, 78, 411-425. [15] Gooding, 
j.L. (1992) Icarus, 99, 28-41. [16] Squyres (1989) 4th International Mars Conference. [17] 
Blasius et al (1977) JGR, 82, 4067-4091. [18] Wolery, T.J. (1979) Calculation of Chemical 
Equilibrium Between Aqueous Solution and Minerals: The EQ3/6 Software Package. 
Lawrence Livermore Laboratory. 
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PROPOSAL FOR A TOPOGRAPHIC SURVEY OF GUSEV CRATER; E.A Grin, N.A 
Cabrol, Observatolre de Meudon France, G. Dawidowlcz, Unlv. Paris I France 

The Gusev crater Is considered as a high priority site for exobiology 
experiments for the future martian missions. In this perspective, the 
knowledge of the local relief appears of main Importance. This survey uses 
the exlstant data and points out the local topography of the crater. 

Data basis. The basic data used for the topographic study of the Gusev 
crater are : 

1’~ the topographic map of the Aeolls southeast quadrangle (MC-23SE) of the 
Atlas of Mars 1:2M, topographic series M2M-22/191T/, 1991 ; 

2*- the Goldstone l-13cm radar scan profile -14.89°, 10 aug.71, 0.376 Au 
(Roth et al., 1989) ; 

3°- controlled photomosaics of the MTM-15182 quadrangle Ma’adlm vail Is region 
of Mars ; 

4°- orthographic Viking Orblter (VO) pictures of nominal Image resolution 
from 68 to 71 meters per pixel. 

Contours and elevation profiles. Contours were compiled on the topographic 
map MC-23SE and the controlled photomosaics maps 1-2256 and 1-2257 at 
1:500,000 scale. Horizontal and vertical controls were established by the 
radar scan elevation profile. Additional detailed shadow length 
Interpretation based on the VO pictures were used for specific areas near 
Ma’adlm vail is outlet for the Improvement of the basic topographic datum. 
Contour Interval Is 1000 meters. Estimated accuracy Is approx1matIvely one 
contour Interval, with exception of the Interpretation of radar scan 
elevation data, where a 200 meters accuracy Is allowed. 

The radar scan -14.89° aug.71 0.376 Au (Roth et al. ,1989) was redrawn after 
Its horizontal and vertical localization on the topographic map and labelled 
[RS]. A NE/SW elevation profile [AB] was compiled on the topographic map and 
correlated with the radar scan profile. These two elevation profiles show an 
Inclined crater floor tilted east-westward, with a slope of less than .05 
km/km (3°), and also tilted southeast/northwest, the lowest elevation being 
localised In the northwest side. 

Discussion. During the process of compilation, the morphological map was 
used for contouring the rampart features of the Gusev crater. The final 
topographic contour map produced to illustrate the crater Gusev Is compiled 
by using the above mentlonned data. The results from the topographic map show 
that the Gusev crater floor Is Inclined towards the east highest rim. The 
west rim Is less than 400 meters above the level of the surrounding plains. A 
30 km young crater Is superimposed on the south rim and give an elevated 
outlet to Ma’adlm vail Is. The elevation of the outlet Is 1000 meters above 
the deepest point of the crater floor. The NW rim Is obliterated by a 40 km 
diameter young crater. The Gusev crater rim which Is lower In this section Is 
deeply eroded at an approximative 1000 meters elevation. The results of this 
topography study -which could be reviewed by further topographic details from 
future missions- show the strong structural asymetry of the Gusev crater. 

Implications of the topography for the crater history. The east rim Is 
nearly 2400 meters above the level of the deepest point and only 400 meters 
above the surrounding plateau. On the north, the Gusev crater floor 
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Is 1000 meters below the crest level, when on the east, this floor Is 2400 
meters below the crest level. These results are In accordance with the 
localization of the crater on the highlands/lowlands boundary. But, the 
double-tilt of the crater floor appears more associated with the distribution 
of materials that constitute the floor than with Its asymetrlc location. The 
topography of the floor Is conslstant with episodic filling of various 
material (see Cabrol et al., 1994, and Landhelm et al., 1994, this Issue). 

The outlet of Ma’adim vail is through the southern rim Implies a water 
filling of the crater by fluvial activity. Considering the elevation of the 
northwest rim, and the level of the outlet of Ma’adim vallis, a lake may have 
been a local phenomenon related to the filling by Ma’adim vallis’ flows, 
until the overtopping of the lowest northwest rim given an elevation of the 
lake surface of about 1000 meters. 

The transectlons [RS] and [AB] cross each other near the center of the 
crater and may be used for a valuable illustration of the upper stratigraphy. 
Although the overlapping is delimited by photomosaics interpretation, the 
thickness of the deposits of the layers are more speculative. Meanwhile, two 
characteristic features of the cover of the Gusev crater bottom floor has 
been estimated by deduction based -one on measurements (Roth et al., 1989), 
the other by volume estimation of material deposition (Goldsplel and Squyres, 
1991). A third type of information was used in the sketching of the deposit 
layers corresponding to episodic activity of Ma’adim vallis as underlined by 
Schneeberger (1989), Cabrol et al., (1993), Cabrol et al., (1994, same 
issue), Landhelm et al., same issue (1994). 

6 rences* 

Cabrol et al., submitted to Icarus, Cabrol et al., (1993), LPSC XXIV, Cabrol 
et al., (1994) submitted to XXV LPSC, Goldsplel and Squyres, (1991) Icarus 89 
pp 392-410, Landheim et al., submitted to XXV LPSC, Roth et al.,(1989), 
Icarus 79, pp 289-310 ; Schneeberger, (1989) LPSC XX 
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dike emplacement at zones of neutral Buoyancy on Venus. 

Eric B. Grosfils & James W. Head, Dept. Geological Sci., Brown University, Providence, R.I. 02906 

Overview: On the basis of their structure, plan view geometry and volcanic associations, we 
have interpreted formation of 118 large, radially lineated structures on Venus to occur in part 
through subsurface dike injection 1 . On Earth, radiating dike swarms (irrespective of scale) are 
frequently emplaced laterally about a centralized magma reservoir located near the surface 2 . 
Theoretically derived neutral buoyancy calculations for Venus^ predict an altitude-dependent 
distribution of magma reservoirs which is matched by observations of dike swarms across 
approximately 90% of the planet's surface; only those highland regions whose elevations exceed 
6053 Ion appear anomalous. Previous analysis of the large volcano population yielded similar 
results 4 , and comparison between the dike swarm (intrusive) and large volcano (extrusive) 
populations supports the contention that depth to the level of neutral buoyancy increases 
systematically at altitudes above 6051 km. This suggests that, as observed on Earth, neutral 
buoyancy plays an important role in governing volcanic processes near the venusian surface, 
often facilitating radially configured lateral dike emplacement about shallow magma reservoirs. 

Theory: Head and Wilson [1992] have proposed that the process of magma reservoir formation 
on Venus, and thus the development of related volcanic phenomenon such as dike swarms 
(intrusive) and volcanoes (extrusive), is controlled in part by neutral buoyancy. According to 
their calculations, high atmospheric pressure at low elevations (planetary radii <6051 km) 
minimizes volatile exsolution within ascending magma, and thus rock formed when this material 
erupts and cools will remain dense relative to the density of subsequent magma intrusions, 
inhibiting the development of neutral buoyancy zones and promoting continued surface eruption. 
At intermediate elevations (6051-6053 km) the relative decrease in atmospheric pressure permits 
volatile exsolution and subsequent formation of lower density vesicular rock at the surface. As 
layers of this material accumulate the resultant low density "cap" makes it increasingly difficult 
for buoyantly rising magma to reach the surface, and eventually magma will begin to stall within 
the substrate at a depth of neutral buoyancy. For magma of a given volatile content, the depth to 
this level of neutral buoyancy increases with elevation. This, in turn, has been shown to facilitate 
magma reservoir growth and lateral dike emplacement 5 . There should, therefore, be a gradual 
transition from extrusion- to intrusion-dominated volcanism as one progresses from intermediate 
to upper (>6053 km) elevations. 

Observations: We tested the neutral buoyancy predictions by comparing the distribution of 
features interpreted to represent dike swarms 1 as a function of elevation with that expected if the 
population simply reflects the amount of surface area occurring at a given altitude (Figure 1). If 
swarms are uniformly distributed as a function of surface area, then approximately 12% should lie 
below a planetary radius of 6051 km, 79% should fall between 6051-6053 km, and the remaining 
9% should be located at elevations >6053 km. The observed distribution, however, reveals no 
swarms located below 6051 km, 92% located between 6051-6053 km, and the remaining 8% at 
elevations >6053 km. A Chi 2 test indicates a greater than 99% probability that the expected 
(uniformly distributed) and observed dike swarm populations are statistically different, with the 
greatest difference occurring from 6052-6053 km. 

Discussion: The absence of dike swarms below 6051 km is predicted by the neutral buoyancy 
model since reservoir formation within the substrate, and thus intrusive volcanism, should be 
difficult to achieve at these altitudes. Those few reservoirs which do manage to form because of 
a particularly high magma volatile content, however, should do so very near the surface, a 
condition favoring the production of volcanoes or other extrusive products (as observed) rather 
than dike swarms in response to reservoir overpressurization. 

At intermediate elevations, the enhanced concentration of dike swarms and large 
volcanoes 4 suggests that magma frequently stalls to produce reservoirs, again in agreement with 
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the neutral buoyancy model predictions. Conditions here should generally favor reservoir 
development within the upper several kilometers of the crust. Comparison between the 
distribution of large volcanoes and radiating dike swarms suggests that a transition from extrusive 
to intrusive reservoir volcanism occurs in this elevation range. At lower intermediate altitudes 
(-6051-6052 km), extrusive magmatism and volcano production is favored over dike swarm 
emplacement. At upper intermediate altitudes (-6052-6053 km), however, the formation of radial 
dike swarms clearly becomes predominant This suggests that the depth to the magma reservoir, 
and thus the probability of an intrusive response to overpressurization, increases with elevation as 

predicted. , , ,, 

At elevations exceeding 6053 km the increased depth to the level of neutral buoyancy 
should continue to enhance magma reservoir formation and strongly facilitate an intrusive rather 
than extrusive response to reservoir overpressurization. The distribution of dike swarms observed 
resembles that expected if their occurrence simply reflects the available surface area, however, 
and a similar number of large volcanoes occur, suggesting that lateral dike intrusion is not 
favored over surface eruption. This implies that site-specific factors in addition to altitude- 
dependent pressure may govern magma behavior in many elevated areas on Venus. One way this 
could be accomplished is through mantle downwelling 6 : crustal thickening via ductile flow 
elevates higher density rock, formed through eruption at relatively low altitudes, to heights where 
low density (highly vesicular) rock would otherwise be expected to occur. The greater than 
expected density of the surface rock, therefore, would promote shallower magma chamber 
formation as observed at low and intermediate altitudes. Since elevated regions typically consist 
of heavily deformed highlands such as Aphrodite and Ishtar Terra, however, void production 
through spatially inhomogeneous fracturing or other site-specific processes may produce lateral 
density variations which modify the depth to the level of neutral buoyancy, thus affecting 
subsequent intrusive versus extrusive responses to reservoir overpressurization. Future 
consideration of reservoir development and evolution in highland areas across the planet should 
take into account the local geologic environment, and should provide additional insight into the 
neutral buoyancy mechanism which appears to satisfactorily account for the observed dike swarm 
(and large volcano) distribution across the remaining 90% of the venusian surface. 

References : 1. Grosfils, E.B. & Head, J.W., LPSC XXV (this vol). 2. Halls, H.C., GACSP v.34, 
483-492 (1987). 3. Head, J.W. & Wilson, L., JGR v.97, 3877-3903 (1992). 4. Keddie, S.T. & 
Head, J.W., LPSC XXIV 773-774 (1992). 5. Parfitt, E.A., etal.,JVGR v.55, 1-14 (1993). 6. 
Bindschadler, D.L., etai, JGR v.97, 13563-13579 (1992). 
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distribution of giant ra¬ 
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area and distribution of 
large volcanoes 4 are 
also shown. Dike 
swarms are absent be¬ 
low 6051 km, and a 
transition from extru¬ 
sive- to intrusive-domi- 
nated magmatism oc¬ 
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0 F P RIGIN F0R Giant Radiating Lineament systems on 

VENUS. Enc B. Grosfils & James W. Head, Dept, of Geological Sciences, Brown 
University, Providence, R.I. 02906 

DYCrvitff - Two different interpretations have been proposed for the origin of the graben, 
fissure, and fracture elements which define 163 giant radial systems on Venus: 1) tensile 
deformation caused by the subsurface emplacement of radiating dikes 1, 2 ; and, 2) faulting 
accommodating uplift of a domical rise 3 "^. Both modes may be linked to a common process, i.e. 
the diapiric rise of mantle material, its impingement upon and deformation of the lithosphere, and 
pressure release melting which facilitates vertical and lateral magma emplacement. The broad 
morphological characteristics expected, however, differ sufficiently to permit a systematic 
evaluation of the relative occurrence of each mechanism. By comparing predictions with 
observations, we conclude that nearly three quarters of the lineament systems must have involved 
a significant component of subsurface dike swarm emplacement. 

Observations : The individual graben, fissures, and fractures of which the radial systems are 
composed are typically less than several kilometers in width. Graben and fissures tend to cluster 
near the center, with fissures grading smoothly into fractures at greater distances to define the 
overall radial pattern. The lineament systems generally do not extend to equal lengths in all 
directions, and their maximum radii vary between a minimum of 40 km and a maximum of £2000 
km, with an average of-325 km (Figure 1A). The central topography is highly varied: 53% are 
domical, 9% are depressions, 15% are essentially flat, and the remaining 23% are 
indistinguishable from their surroundings (Figure IB). For those with domical topography at the 
center, the ratio of dome radius to lineament radius is -0.40, i.e., on average the radius of a given 
lineament system is 2.5x greater than that of the associated central dome (Figure 1C). In all, 53% 
of the radial systems are associated with one or more concentric structures, ranging from central, 
depression-bounding scarps only 25 km across to tectonic rings several tens of kilometers wide 
and up to 575 km in diameter. In 51% of these cases, the radial pattern originates within the 
annulus but also extends, significantly beyond it. Only 9% of those radial features associated with 
annuli are confined within them, leaving 40% that are located entirely outside the outer rim of the 
annular structure. Finally, lobate finger-like flows emerging from radial lineaments, or groups of 
such flows characterized by a strong spatial correlation with multiple radial lineaments, occur for 
45% of the radial systems. 

P redictions: Deformation produced by diapiric impingement upon and domical uplift of the 
lithosphere ' is initially characterized by extensional stresses which generate radially aligned 
tensile lineaments upon the dome flanked by a zone of horizontal shear and potential strike slip 
faulting. As the rise evolves, whether gravitationally or in association with flattening of the 
underlying diapir, the role played by normal stress increases, and strike slip faulting should be 
superceded by annular compression at the base of the rise. 

Radial elements formed by dike emplacement may be distinguished from those produced 
by domical uplift in several ways. First, even if domical central topography exists, dike lengths 
are typically controlled by magma supply rate and thermal factors 2 , and thus radial elements 
produced by dike emplacement can potentially extend hundreds or thousands of kilometers 
beyond the lateral extent of the central topography and any associated annulus. Second, while 
dike swarm emplacement can be associated with a centralized uplift, this need not be the case, 
and thus the absence of a central dome favors a dike swarm interpretation of the radial elements] 
though caution must be used since thermal decay and isostatic adjustment might remove evidence 
of uplift over time. Finally, while a wide variety of volcanism can be expected, lineament-related 
volcanism (including small shields aligned along the lineaments and flows issuing from them) is 
particularly suggestive of dike swarm emplacement if it occurs in multiple locations toward the 
distal portions of the radial system, i.e. well away from any central topography. 



Dome Radius/Swarm Radius Number 
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Discussion : The fundamental evidence of uplift, namely central domical topography, is present 
for more than half the radial systems; however, in these instances the associated lineament 
patterns are far more laterally extensive (usually about 2.5x) than the domes themselves. This is 
inconsistent with predictions of radial lineament pattern formation through uplift alone, but is 
readily explained by lateral dike emplacement. In addition, since the remaining radial systems 
lack a central dome, uplift is unlikely to have been solely responsible for their generation unless 
the original topography has subsequently decayed through gravitational relaxation. This process, 
however, is predicted to produce annular deformation outside the dome periphery. Any radial 
system originally developed upon a rise due primarily to uplift should thus be contained within a 
tectonic annulus if topographic relaxation has occurred, contrary to the observation that few of the 
radial systems are so confined. It is therefore unlikely that uplift alone could have generated 
more than a few of the radial systems which currently lack the requisite topographic signature; 
however, the absence of central topography does not alter the feasibility of the dike emplacement 
mechanism. 


Conclusions : By considering the topography at the center of each radial pattern, the lineament 
system radius relative to that of any central topography, the relationship between the radial 
system and any associated annulus, and the placement and style of volcanism observed, we 
conclude that formation of 72% of the radial systems must have involved a significant component 
of radial subsurface dike swarm emplacement. Uplift-derived lineaments are almost certainly 
present in many of these instances as well; however, only 9% of the radial systems appear to have 
formed predominantly as a response to production of a topographic dome, and data for the 
remaining 19% of the systems do not allow confident identification of a dominant mode of origin. 


References: 1. McKenzie, D., et al., JGR v.97, 15977-15990 (1992). 2. Parfitt, E.A. & Head, 
JWEMPv 61, 249-281 (1993). 3. Stofan, E.R., et al.JGR v.96, 20933-20946 (1991). 4. Janes, 
D.M., et al, JGR v.97, 16055-16067 (1992). 5. Cyr, K.E. & Melosh, H.J., Icarus v.102, 175-184 
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Fi gure 1 : A ) Histogram of giant 
radiating lineament system radii. 
Average radius is 325 km. B) Central 
topography associated with radiating 
systems. C) Plot of radiating lineament 
system radius versus dome-to-lineament 
radius ratio for those systems with 
domical central topography. The 
average ratio is 0.40. 
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Radial Lineament Systems on Venus: Constraining Models of 

GLOBAL STRESS Eric B. Grosfils & James W. Head, Dept. Geological Sciences, Brown 
University, Providence, R.I. 02912 

PYtrVIW The stress dependent geometries of 163 giant radiating graben-fissure-fracture systems identified 
on Venus can be used to test existing models for the generation of a global stress field. The stress configuration 
recorded by these structures across the two-thirds of the planet between 330-210°E (Aphrodite Terra) is best 
matched by models of isostatic compensation of existing long wavelength topography or coupling between mantle 
flow and the lithosphere. The configuration across the rest of the planet, centered on the Beta-Atla-Themis region, 
is correlated with concentrated rifting and volcanism. 

Observations: Each system's radial configuration is usually quite pronounced near the center: in 52% of the 
cases radiating lineaments fan through more than 270°, and 80% exceed 180° of arc. In their distal regions, 
however, the radiating elements in 72% of the systems continue along a purely radial trend, while distal elements 
in the remaining 28% curve gradually into unidirectional, sub-parallel geometries. Spatially, the systems as a 
whole are not randomly distributed across the venusian surface (Figure 1). Of the 163 identified, 79% lie within 
40° of the equator, and there is a longitudinal concentration from 190-300°E. Globally, purely radial systems are 
widespread, but they tend not to occur in lowland and polar regions, and unusual concentrations occur within the 
Aphrodite Terra highlands, Eistla Regio, and along the Parga and Hecates rift zones. Systems which become 
unidirectional are also widespread, and avoid the lowland and polar areas, but their global distribution is otherwise 
different than the purely radial systems. Between longitudes 330-210°E (about two-thirds of the planet) the 
unidirectional systems principally occupy a broad swath north of Aphrodite Terra that curves around the eastern 
end of the highland area before terminating south of Ada. Throughout this region the unidirectional lineaments 
generally align perpendicular to the trend of the long wavelength topography. The remainder of the planet, 
between longitudes 210-330°E, is dominated by the concentration of rifts and volcanic features of the Beta-Atla- 
Themis (BAT) region. Unlike the Aphrodite Terra area, the unidirectional radiating structures within BAT do not 
appear to be geometrically related to the current distribution of long wavelength topography. Instead, these 
features are associated with the Parga, Hecates, and Devana rift zones, and their distal lineaments align parallel to 
the observed rift trends. 

PlSCUSSlQIl: Whether formed predominantly by subsurface dike swarm emplacement or domical uplift, the 
radiating tensile lineament geometries are stress dependent 1 ' 3 : those radiating systems which remain radial 
throughout are interpreted to have formed in the presence of a negligible regional differential stress field, while 
those systems which become more unidirectional were affected by a stronger regional differential stress, causing 
their distal lineaments to align in the maximum horizontal stress direction. This stress dependency implies that the 
geometry of the radiating systems observed on Venus can be used to constrain the orientation and relative 
magnitude of the planetary stress fields, thus providing a useful means of testing and further refining existing 
models for their generation. These include: 1) isostatic compensation of long wavelength topography' 1 ’ 2) 
Earth-like plate tectonics 6 ; and, 3) coupling between convective mantle flow and the lithosphere, either with'* or 
without • shear decoupling due to the presence of an asthenosphere. Isostatic Compensation : In considering 
the temporal evolution of the venusian surface, Turcotte [1993] argues that elevated topography on Venus is 
directly supported by a thick, isostatically compensated lithosphere. Using only long wavelength information, 
Banerdt [1986] calculated the stress field which would result under these conditions. His results predict 
topography-perpendicular stress orientations that agree quite well with those recorded by the unidirectional 
radiating systems across the two-thirds of the planet associated with the Aphrodite Terra highlands. The isostatic 
model, however, also predicts high differential stresses in the highlands and lower ones in the surrounding areas, 
contrary to the observation that purely radial systems dominate in the highlands while unidirectional ones occupy 
the adjacent regions. In addition, across the remaining third of the planet (BAT) the unidirectional orientations are 
only poorly approximated. We thus conclude that, while an isostatic model correctly predicts stress orientations 
across two-thirds of the planet, implying that the stress field and topography are correlated (this is suggested by 
wrinkle ridge alignments as well 9 ), further refinement is required to account for both the differential stress 
magnitudes in highland and lowland areas and the observations within BAT. Plate Tectonics : On Earth, the 
maximum horizontal compressive stress direction at divergent oceanic plate boundaries is generally aligned 
perpendicujar to the rift . While morphologic evidence indicative of plate tectonics on Venus is not 
widespread , McKenzie et al. [1992] argue that many areas exhibit a plate tectonic signature like that of Earth. 
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Around Aphrodite Terra, given the consistency of the unidirectional system behavior, the simplest interpretation 
requires plates to spread approximately normal to the current highland topography, a situation not supported by 
existing data 11 . Within BAT, the rift-parallel orientation of the unidirectional systems is also inconsistent with 
Earth-like plate boundary spreading; however, the geometry is characteristic of intraplate continental rifting on 
Earth, and may be linked to broad-scale upwellingA Mantle-Lithosphere Coupling: Coupling between mantle 
convective flow and the lithosphere can generate long wavelength topography and a global system of stress . If 
an asthenosphere exists to decouple basal shear, the maximum compressive stress configuration expected on 
Venus is quite similar to that generated by pure isostatic compensation of a thick lithosphere ; it therefore 
accurately predicts the stress orientations recorded about Aphrodite Terra but fails to explain either the relative 
highland-lowland differential stress magnitudes or the radiating system behavior observed within BAT. In the 
absence of an asthenosphere, the addition of basal convective shear stress enhances the differenual stress 
magnitude at the surface , and may have promoted thermally dependent tectonic resurfacing ; however, as in the 
decoupled shear model the differential stresses should be higher in elevated areas, inconsistent with observations. 
While detailed predictions about the expected global stress configuration for this situation have not been made, the 
topography-perpendicular orientation of the systems about Aphrodite Terra suggest that mantle material flowed 
normal to the highland, a situation consistent with either mantle upwelling or downwelling beneath the currently 
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A POSSIBLE ATMOSPHERIC WATER SOURCE FOR THE FLUVIAL VALLEYS ON 
ALBA PATERA; Virginia C. Gulick and Christopher P. McKay (NASA/Ames Research Crater, MS 245-3, 
Moffett Field, CA 94035; email: gulick@barsoom.arc.nasa.gov). 

Erosion of the fluvial valleys on the north slope of the martian volcano, Alba Patera, seems to have 
required flow of surface water [1]. As such these fluvial valleys are of particular paleoclimatic interest since 
the surface upon which the valleys formed is of Amazonian age, forming well after the more numerous valleys 
in the heavily cratered terrain. One potential source for the water is precipitation derived from frozen lakes 
produced by outflow channel discharges. In this abstract we consider the atmospheric and geologic aspects 
of this hypothesis. 

Several sources have been proposed for the water required to carve the valleys on Alba. Eruptions 
and explosive activity on Alba could have periodically transported water into the surface environment [2]. 
Ground-water outflow prior to surface water flow resulting from hydrothermal circulation within the water or 
ice-rich subsurface material underlying the unusually large, relatively low-relief volcano has been also 
proposed as a water source [1,3]. Numerical modeling [4] has demonstrated that the magnitude and duration 
of hydrothermal activity expected to result from the formation of Alba Patera could deliver sufficient quantities 
of ground water to the surface environment over time scales needed to form the observed fluvial valleys. 
Gulick and Baker [3] and Baker et al. [5] proposed that water vapor evaporated from a lake or sea created by 
outflow channel discharges might deliver water to the flanks of the volcano. Crater density studies indicate 
that the valleys on Alba are of similar age to outflow channel activity [6] and the formation of the proposed 
Oceanus Borealis [5]. 

The fluvial valleys on the north slope of Alba Patera cover approximately 30,000 km 2 . The total 
volume of material removed from the 10 4 km 2 area studied in [1] is estimated to be on the order of 10 n m 3 . 
Assuming volume ratios of water to removed material of 1000:1, an equivalent depth of water of 10 km over 
the study region would be required for valley formation. Precipitation, with no atmospheric losses, of 1 
cm/year could theoretically provide the necessary quantity of water in 10 6 years. However it is doubtful that 
such low precipitation rates could actually induce valley development. The dry, leeward flanks of Hawaiian 
volcanos demonstrate that intensity as well as duration is imporant in valley formation. Regions of West 
Molokai receive approximately 20 cm/yr of rainfall and exhibit very little fluvial erosion. Widely-spaced 
linear streams with little to no tributary development dissect the approximately 2 million year old surface. 
Some regions on Mauna Loa receive an order of magnitude or more rainfall and show comparable or greater 
degrees of valley development on surfaces 10 times younger. However the degree of valley development on 
surfaces older than West Molokai receiving comparable amounts of rainfall is not appreciably greater. We 
conclude that rainfall rates less than some critical value, we estimate -10 cm/year, are insufficient to erode 
valleys, even over long time periods. 

Can precipitation deliver the required quantities of water to the north slope of Alba at rates sufficient 
to form valleys? Alba Patera is adjacent to the region in which outflow channel discharges would have 
ponded in the northern hemisphere. Transient seas as large as several 10 7 km 2 have been proposed and are 
consistent with the observed geology of the northern plains [5,7]. Here we assume only that the frozen sea 
has an area comparable to that of the eroded flanks of Alba, or several 10 4 km 2 . 

To estimate the rate at which water could be delivered to the flanks of Alba from the frozen sea, we 
consider air that has achieved saturation over the surface of an ice-covered lake. Winds with an initial relative 
humidity of 0% blow across the lake. The relative humidity of the air mass increases as the underlying ice 
sublimes. The rate of sublimation of the ice sheet depends primarily on the temperature and somewhat on the 
wind speed. For current martian conditions and wind speeds of 1 to 5 m/sec, sublimation rates are in the 
range of 0.3 to 3 cm/year. If mean conditions were 25 and 50 C warmer than current, the sublimation rate 
would be 10 and 100 times larger, respectively. 

The saturated air then cools as it is lifted upward and part of the entrained water vapor condenses as 
snow. The fraction of water that is deposited as snow depends on the lapse rate and the height of the ascent - 
- that is the altitude difference between the lake surface and the snowfield. For current martian mid-latitude 
temperatures, the snow accumulation rate over a 2 km altitude change is approximately 1 cm/year of equivalent 
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water, if the snow accumulation area is comparable to the lake area. For a 6 km altitude change, appropriate 
for the summit caldera region of Alba Patera, the accumulation is 40% larger, assuming no precipitation at 
intermediate altitudes. The results depend linearly on the relative areas of the snowfield and lake. 

The deposited snow, like the lake ice, is subject to sublimation. However, the sublimation rate is 
lower at higher altitudes due to the lower temperature. The estimated net annual snow production is of order 
1 cm/year if the lake were formed under current martian conditions. The snow pack would be subject, 
however, to melting from below. A geothermal heat flux of 0.1 Watt/m 2 is required to melt a 1 cm annual 
water equivalent thickness production of snow. Such a heat flow is commonly measured over extensive (10^ 
km 2 ) regions surrounding large terrestrial volcanic centers (e.g. Cascade volcanos). Heat flows of 1 W/ro are 
commonly measured over areas of 10 3 km 2 in terrestrial hydrothermal regions with the more intense areas 
delivering on the order of 500 W/m 2 to the surface [8], Therefore, the limiting factor in liquid water 
production on the slopes of an active volcano is snowfall, not delivery of latent heat from a local thermal 
source to melt the snow. 

Upslope from the valleys on Alba and downslope from the summit caldera is an undissected wedge- 
shaped region that could potentially serve as a zone of snow accumulation. This region has an area of 
approximately 15,000 km 2 , comparable to that of the valleyed area. Extrapolation of the major orientation of 
valley trends back to the summit region delineates the possible area of snow accumulation that would 
contribute to the formation of the observed valleys. The orientation of lava flows emanating from near the 
summit adjacent to this region suggest that fluid melted in this region would indeed flow into the valleyed 
area. 

For snowfall on Alba to be an effective source of water for valley erosion, the production rate must 
exceed the calculated 1 cm/year. Warmer ambient temperatures would produce greater sublimation from the 
frozen lake and consequently greater snowfall. Greater effective water delivery rates might also be achieved 
if the snow field acts as a storage reservoir. During periods of little or no volcanic heating, the snow would 
accumulate. Periodic melting of the snow, perhaps due to greater heat flows associated with magma chamber 
inflation might produce periodic runoff rates comparable to precipitation of tens of cm per year. A 
combination of snow accumulation, melting, and erosion over appropriate time scales might result in fluvial 
valley development on Alba. Thus valley erosion would progress during times of snow melt and then 
effectively halt until a new melting episode. During the intervening time the snow pack would be replenished 
by additional snowfall. In this sense the snow field would act as a storage reservoir for water on the flanks 

of Alba. J , . . ,. 

In conclusion, sublimation of water from a frozen lake or Oceanus Borealis could result in delivery 

of snow to the flanks of Alba Patera at the rate ~lcm/year for current climatic conditions. The local heat flow 
was likely, at least periodically, capable of melting the delivered snow. However the calculated snow delivery 
rate is too low to permit valley development. For this mechanism to have been effective, the mean annual 
temperature must have been at least 25 C higher than at the present or the snow must have been stored on the 
flanks and melted episodically, providing shorter periods of more intense runoff. Given these limitations, 
ground water delivered to the surface by hydrothermal systems may have been a more effective fluid source. 
A combination of snowfall and hydrothermal discharge might may better explain the observed valley 
morphology. 

References: [1] Gulick, V.C. & Baker, V.R. (1989) Nature 341,514-516. [2] Mouginis-Mark, P. and Wilson, 
L. (1988) Bull. Volcanol. 50, 361. [3] Gulick, V. & Baker, V. (1990) J.G.R. 95, 14325-14344. [4] Gulick, 
V.C. (1993) Ph.D. Thesis, Univ. Ariz. 146pp. [5] Baker, V. et al. (1991) Nature 352, 589-594. [6] Barlow, 
N. (1988) Icarus 75, 285-305. [7] Parker, T.J., Saunders, R.S. & Schneeberger, D. (1989) Icarus 82, 111. [8] 
Elder, J. (1981) Geothermal Systems (London: Academic Press). 
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FERROSILITE, FAYA LITE AND MAGNESIOFERRITE FORMATION BY ISOTHERMAL 
ANNEALING OF AN IRON-CONTAMINATED Mg-SiO SMOKE. 

Fu Guofei and Frans J.M. Rietmeijer, Department of Earth and Planetary Sciences 

University of New Mexico, Albuquerque, NM 87131, USA. 

Laboratory studies of thermally-annealed vapor condensates will advance the understanding 
of dust evolution in oxygen-rich protostellar environments. A previous analytical electron 
microscope (AEM) study of an annealed Mg-SiO smoke showed coarsening of forsterite and 
enstatite nanocrystals accompanied by equilibration of bulk Mg/Si (at%) ratios as a function of 
annealing time (2, 4, 8, & 39 hours) in vacuo at 1000°K [1], This AEM study used dispersed, 3- 
dimensional "bulk" samples [1] in which it was difficult to obtain grain size distributions, and 
to perform electron diffraction and quantitative chemical analyses of individual nanocrystals. 
The introduction of serially-sectioned, ultrathin (80-100 nm) sections for AEM analyses of 
interplanetary dust [2] was the incentive to re-analyse the thermal-annealing history of the Mg- 
SiO smoke because the individual grains in ultrathin sections are accessible to quantitative 
chemical, electron diffraction and textural analyses. Traces of an unidentified Fe-bearing 
contaminant in the "bulk" samples did not react with the Mg-SiO smoke [1], We exploit the 
greatly improved sample preparation to look for Fe-silicates that might have formed during 
annealing. Ultrathin sections of smoke samples annealed for 8, 30 and 167 hours were prepared 
for AEM analyses using a Jeol 2000FX AEM equipped with a TN-5000 energy dispersive 
spectrometer [cf. 3]. The samples appear dull-grey to black in white light, but -40% of the 
167h-sample has a yellow tinge that is probably due to ferric iron-bearing phases. We prepared 
ultrathin sections of the differently-coloured materials. 


RESULTS. The annealed samples have an open cluster morphology. Relics of the crude 
network of interconnected ribbons of the original condensate [1] are still present in the 16711 - 
sample (black fraction). All samples are dominated by equigranular (i.e. a narrow size 
distribution), poorly-crystalline Mg-SiO material with randomly oriented nanocrystals. 
Distinctly fine-grained (< 20 nm in diameter) polycrystalline materials are in variable 
proportions associated with coarse-grained material with nanocrystals of -40-60 nm (8 hours) 
and -60-80 nm in diameter (167 hours). The quantity of nanocrystals, and porosity of the Mg- 
SiO material, gradually increase with annealing time. The fine-grained domains are slightly 
Mg-richer than coarse-grained polycrystalline materials. The electron diffraction data are 
consistent with forsterite, enstatite and tridymite. Small amounts of amorphous silica-rich (>95 
wt% Si0 2 ) areas and tridymite crystals (both up to -200 nm in size) occur throughout the Mg- 
SiO material in all samples. The coarse-grained Mg-SiO material in each sample contains round 
to irregularly-shaped, platey single-crystal grains of -100 nm up to -500 nm in diameter. In 
the 167h-sample they tend to form subhedral single-crystal grains. The compositions of the Fe- 
SiO grains range from -30-75 wt% FeO (8 hours) and -30-95 wt% FeO (30 & 167 hours) with 
two clusters at 35 and 52 wt% FeO of ferrosilite and fayalite grains, and an a third cluster at 
70 wt% FeO of hematite, and possibly maghemite, grains. In addition to equigranular Mg-SiO 
material, the 167h-sample’s yellow fraction is characterised by (I) randomly-distributed, 
euhedral magnesioferrite single-crystals (< 300 nm long; -18 wt% MgO) and euhedral, single¬ 
crystal brucite, Mg(OH) 2 , up to 50-100 nm in size and (II) smoke-like domains of subrounded 
grains that include (a) euhedral periclase (MgO) grains with a Mg-SiO mantle (-16-65 nm in 
diameter) and (b) core-free Mg-SiO grains (-9-60 nm in diameter). 

Fjyalite and ferrosilite. In both iron-rich olivine and pyroxene Fe 2+ /(Mg+Fe 2+ ) = -0.85 - 1.0. 
These silicates generally contain ferric iron, viz. Fe s+ ions between 0.05 - 0.65 (calculated from 
stoichiometry), but mostly 0.05-0.10 (-70% of data). The Fe 2 7(Fe 2+ + Fe s+ ) ratios are 0.6-1.0 
(olivine) and fe = 0.90-1.0 (pyroxene). In rare pyroxenes all iron is Fe s+ . We have not yet 
unambiguously identified laihunite (La) by electron diffraction but rare olivines in the 30h- 
and 167h-samples fit the structural formula of this ’ferrifayalite’ mineral. These olivine are 
Fo 75 Fa o La 25 and Fo 54 Fa o La 46 < 30 hours )> and Fo 5 Fa La and Fo.Fa fiQ La, n (167 hours). We 

estimate log/0 2 between -15 and -10 atm. at the FMQ and HM buffers 
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DISCUSSION. Autoannealing describes post-condensation solid-state transformations that occur 
in a vapor-condensed smoke [4], It will be difficult to identify nanocrystals as part of the 
condensation history or of later thermal annealing. For example, fine-grained Mg-silicates 1 
poorly-crystalline material of the 8h-sample might be due to autoannealing. Otherwise t e 
increased grain size and quantities of nanocrystals, and the formation and growth of Fe- 
silicates, are consistent with prolonged heating. Contrary to the Mrher findings [1], a 
contaminant in the present allocations did react with the Mg-SiO smoke during isothermal 
annealing. The Fe-silicates might have formed by reaction of Fe-vapor with Mg-silicates or via 
solid-state reactions. Considering the boiling points of metallic iron and of various e ° X1 
and the thermal annealing conditions, we presently favour the latter explanation. The - 
contaminant was probably steel from the collector plate.JVe propose “ 

form 
2Fe 

whilst- 

and (e) Mg„SiO, + 2Fe = Fe.SiO + 2Mg(g). 

The reactions a,b, d, produce a metallic-Mg vapor consistent with earher evidence [1] 

for evaporative Mg-loss during annealing. Reaction b also produces SiO vapor. e g earing 
vapor condensed into euhedral MgO crystals possible as the result of the rea ^‘ n ! J‘ th 

liberated 2 CL. The euhedral MgO crystals indicate 3-dimensional growth at (local) high supe 
saturation ratio. They provided nuclei for Mg,Si-0 deposition. Rare magnesioferrite spi e 
formed by reaction c. Magnesioferrite occurs naturally as a result of extreme andhighly 
transient temperature gradients that yield disequilibrium mineral assemblages at a bulk scale but 
with domains of full thermodynamic phase equilibrium [5]. This type of environment is also 
conducive to laihunite formation via oxidation of fayalite wherein synthetic l^hunite unique y 
coexists with hematite and silica under atmospheric oxidation conditions [6,7]. Kinetical y 
controlled mineral formation rather than thermodynamic equilibrium for ultrafine assemblages 
also occurs during atmospheric entry flash-heating of micrometeorites wherein laihunite has 
also been observed [8,9], The data support chaotic disequilibrium during isothermal anneai mg 
of an Fe-bearing, Mg-SiO smoke. After prolonged isothermal annealing, Fe is no longe 
accomodated in the silicates which induces the formation of nonstoichiometric Fe-silicates, 
such as laihunite, and there is evidence for partial evaporation and condensation to Produce the 
distinctly fine-grained Mg(Si-O) smoke. Brucite is probably a post-annealing artifact due to 
reaction of MgO with atmospheric moisture. 

CONCLUSIONS We exploit the inadvertent contamination of an Mg-SiO smoke with Fe-metal 
grains Fayalite and ferrosilite with variable fe-ratios, rare laihunite and magnesioferrite occur 
alongside existing forsterite, enstatite and tridymite. The Fe-minerals form from their Mg- 
counte,pares as a fe.nc.ioa of annealing lime a. 1000«K wi.h (pareial) evaporafeon and 
condensation of a metallic-Mg vapor after prolonged annealing. When thermal annealing of 
dust in protostellar regions is an important process, it follows that this dust may con ain 
variable proportions of Mg-rich and Fe-rich olivines and pyroxenes and accompanying MgO 
and Mg Fe-oxide minerals. In addition to metamorphism of the dust, partial evaporation and 
condensation events could occur. The opacity of silicate dust in the near-IR regmr‘depends on 
their Fe 2+ /(Fe° + Fe 2+ + Fe 3+ ) ratio. This ratio might provide an important constraint on the 
aging of astrophysical dust [10], We have shown that thermal annealing of Mg-silicates in the 
presence of an "Fe-donor phase" tends to produce high fe -ratios in a small fraction of the 
silicate grains. This type of AEM analyses of astrophysical dust analogs may help elucidate the 
details of dust evolution in environments such as the primitive solar nebula. 

REFERENCES. 1. Rietmeijer FJM et al. (1986) Icarus 66, 211-222; 2. BradleyJP & Brownlee DE ( 19 ®6 ^ €nce ' 
1542-1544; 3. Rietmeijer FJM (1991) EPSL 102, 148-157; 4. Rietmeijer FJM U Nuth JA (1991) Proc. LPS 21 S91-602, 5^ 
Foit Jr FF (1987) Amer. Mineral., 72, 137-147; 6. Hondo, S et al. (1985) Amer. Mineral., 70, 737-746; 7. K.tamuraMet 
al. (1984) Amer. Mineral., 69, 154-160; 8. Keller LP et al. (1992) LPSC XXIII, 6765-676; 9. Rietmeijer FJM (1992) LPSC 
XXIII, 1151-1152; 10. Nuth JA k Hecht JH (1990) Astrophys. Space Sci. 163, 79-94. 
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